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ABSTRACT 
The effects of embedded longitudinal vortices on film cooling injectant from 
one row and two roles of holes with compound angles are investigated. Holes 
are designed such that their angle from the test surface is 30 degrees in a 
spanwise/normal plane projection, and 35 degrees in a streamwise/normal plane 
projection. A blowing ratio of 0.5, non-dimensional injection temperature 
parameter of 1.29 to 1.38, and freestream velocity of 10 m/s are employed. As 
the spanwise position of the vortex is altered, Stanton numbers change 
considerably depending upon which portion of each vortex is proximate to film 
injection holes. These variations are vastly different depending on whether or 
not spanwise components of the vortex secondary flows are opposed or aligned 
with the spanwise direction of the injectant. Mean velocity surveys, injection 
distribution surveys, and flow visualization results are also discussed. 
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In an effort to increase gas turbine power output, efficiencies, and power 
to weight ratios, gas turbine inlet temperatures are being increased. The 
technology for the advanced materials required to withstand these high 
temperature (approaching 2000K) is somewhat limited. Consequently turbine 
blades are cooled using a variety of schemes which include film cooling, the 
injection of cool compressor air from discrete holes along blade surfaces to 
protect them from high temperature air flows. Many film cooling schemes 
involve injecting air at angles with respect to blade surfaces such that injectant 
emerges from the holes in the direction of the mainstream flow. This is called 
simple angle injection. But higher film effectiveness and better protection can 
often be attained by orienting film cooling holes at compound angles with 
respect to the freestream direction. This is called compound angle injection and 
is the focus of the present study. 
Embedded vortices are extremely detrimental to the protection provided by 
film cooling. As injectant from film cooling holes spreads out over blade 
surfaces, significant secondary flows from vortices distort the film, leaving some 
areas unprotected. Such vortices are often longitudinal and embedded, and very 
common in the flow within turbine blade passages. These vortices are formed by 
one of two mechanisms. With the first of these, pressure gradients such as exist 
near the turbine blade leading edge and the endwall induce secondary flows 
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which develop into vortices. With the second mechanism, vortices develop near 
concave blade surfaces as a result of centrifugal instabilities. 
B. RELATED STUDIES 
Blair [Ref. 2] was one of the first investigators to study the effects of 
embedded vortices on film cooling. He found decreased film coolin g 
effectivenesses on an endwall due to the formation of a large vortex. Using one 
and two rows of injection holes, Goldstein and Chen [Ref. 6 and Ref. 7] 
discovered a triangular region on blade surfaces where injectant was depleted by 
passages of vortices. Kobayashi [Ref. 13] studied formation of large vortices in a 
laminar boundary layer using a concave surface and suction through a permeable 
wall. He concluded that the laminar boundary layer tends to be stablized with 
suction [Ref. 14]. For the case of blowing, injection was found to have little 
influence on the stability of the laminar boundary layers studied. Honami and 
Fukagawa [Ref. 9] studied film cooling effectiveness from lateral and streamwise 
oriented film cooling holes on a concave surface using a blowing ratio of 
approximately 0.5. They concluded that the concave surface had great effect on 
film effectiveness when streamwise oriented cooling holes were used, but li ttle 
effect when laterally oriented cooling holes were employed. 
C. ONGOING RESEARC H AT THE NAVA L POSTGRADUATE 
SCHOOL 
Research at the Naval Postgraduate School has focused on the effects of 
longi tudinal vortices on heat transfer, film cooling distributions, and the 
protection normally provided by the film . Joseph [Ref. 10] studied the influences 
of a longitudinal vortex on injectant from one row of film cooling holes spaced 
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three diameters apart. He found that heat transfer is augmented and that the 
protection provided by the injectant is degraded on the downwash sides of 
vortices resulting in local "hot spots" . On upwash sides of vortices, he 
concludes that injectant protection may be augmented by the vortices. Evans 
[Ref. 5] showed that injectant disturbances result mostly from vortex secondary 
flows . Ortiz [Ref. 18], used the same film cooling orientation, but varied the 
spanwise location of the vortex as well as the blowing ratio. He found that more 
than one peak in Stanton number ratio is present for higher blowing ratios, while 
for lower blowing ratios, only one peak is apparent. Williams [Ref. 22], further 
studied the mechanism and flow interactions present between one single film 
cooling jet and the vortices passing at different spanwise locations. In a later 
study, Craig [Ref. 3] looked at the effects of vortex circulation on injectant from 
a single hole and from a row of holes , when the centerline hole was located 
beneath vortex down wash region s. Kaisuwan [Ref. 11] studied similar 
configurations when the centerline injection hole was located beneath vortex 
upwash regions. Both of these investigations found that embeded vortices 
affect injectant distributions when r/(Ucd) is greater than about 1.0. References 
15,16 and 17 summarize the extensive research conducted by Ligrani, 
Subramanian, Joseph, Evans, Ortiz, Williams, Craig and Kaisuwan in this field. 
D. OBJECTIVES OF THE PRESENT STUDY 
The effects of embedded longitudinal vortices on heat transfer and injectant 
distributions downstream of one and two rows of injection holes with compound 
angle orientations are investigated. While a constant blowing ratio (m=0.5), 
constant non-dimensional injectant temperature (8=1.35), and constant plate heat 
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flux are employed, the spanwise posi tion of the vortex is varied from Z=-7.2 to 
Z=7 .2 centimeters to provide information on the relationship between span wise 
position and amounts of protection degradation caused by vortex secondary 
flows. 
E. OUTLIN E OF EXPERIMENTATION 
The present study consists of four experiments: 
1. Measurement of mean velocity, total pressure distributions and 
vorticity contours in the Y -Z planes for: 
a. No film cooling, using vortex positions RO,R4,R8,LO,L4,L8 at 
x/d=10.2 
b. Film cooling from one row of holes , using vortex positions RO-
R4 and LO-L4 at x/d=45.8 
c. Film cooling from two rows of holes, using vortex positions RO-
R4 and LO-L4 at x/d=45.8. 
2. Mean surveys of injectant distributions in the Y-Z plane for: 
a. Film cooling from one row of holes, using vortex positions RO-R4 
and LO-L4 at x/d=45.8 
b. Film cooling from two rows of holes, using vortex positions RO-
R4 and LO-L4 at x/d=45.8. 
3. Stanton number ratios measured at 21 spanwise locations for: 
a. Film cooling from one row of holes, using vortex positions RO-R4 
and LO-L4 at x/d=45.8 
b. Film cooling from two rows of holes, using vortex positions RO-
R4 and LO-L4 at x/d=45.8. 
4 
4. Flow visualization for: 
a. Film cooling from one row of holes, using vortex positions RO-R4 
and LO-L4. 
b. Film cooling from two rows of holes, using vortex positions RO-
R4. 
The "L" denotes vortex generator base plates placed to the left of the tunnel 
centerline ( looking downstream ). With this arrangement, secondary flows 
cause the counter-clockwise rotating vortices to move to the right as they convect 
downstream. The "R " denotes vortex generator base plates placed to the right of 
the tunnel centerline ( looking downstream ). With this arrangement, secondary 
flows cause the clockwise rotating vortices to move to the left as they convect 
downstream. Figure 4 is a schematic diagram which details this convention. 
F. THESIS ORGANIZATION 
Chapter II discusses the experimental apparatus and the procedures. Data 
and results are discussed in Chapter III . Chapter IV contains a summary and 
conclusions. Appendix A contains 194 figures. Appendix B contains results of 
an uncertainty analysis performed by Schwartz [Ref. 21]. Appendix C describes 
data aquisition , data processing and plotting programs employed. Finally, 
Appendix D contains a complete directory of the data files contained on floppy 
disks. 
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II. EXPERIMENTAL APPARATUS AND PROCEDURES 
A. WIND TUNNEL AND COORDINATE SYSTEM 
The experiments were conducted in an open-circuit, subsonic wind tunnel 
located in the laboratories of the Department of Mechanical Engineering at the 
Naval Postgraduate School. The same facility, without the modification for 
compound angle injection, was used in research by Joseph , Ortiz, Williams, 
Schwartz, Kaisuwan and Craig (References 10, 18, 22, 21, 11 and 3). A variable 
speed centrifugal blower is located at the upstream end of the facility. Ambient 
air from the surroundings passes through a coarse filter to the inlet of the blower 
and is then discharged to a diffuser. A small clearance is maintained between the 
blower and diffuser in order to reduce noise and vibration in the test section 
from the blower. 
A filter located m the diffuser removes small particulates from the 
airstream. Four baffle vanes are also located in the diffuser to help minimize the 
occurrance of flow separation. A header box containing a honeycomb and three 
screens follows the baffle vanes to reduce spatial non-uniformities in the flow 
field. Downstream of the header box, the air stream encounters a 16 to 1 
contraction ratio nozzle before entering the test section. 
The test section is 3.05 m long and 0.61 m wide. The bottom wall contains 
two rows of five film cooling injection holes per row oriented at compound 
angles upstream of a constant flux heat transfer surface. The height of the top 
wall of the test section is adjustable so that a constant pressure gradient over the 
length of the tunnel can be maintained. In this study, a zero pressure gradient is 
maintained to within 0.01 inches of water differential pressure along the length 
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of test section. The freestream velocity is adjustable from 1 to 40 m/s. A 
freestream velocity of 10 m/s is used for all of the experiments in this study. 
Figure 1 shows a schematic of the test section coordinate system as well as 
streamwise locations of test section components. Figure 2 is a top view 
schematic diagram of the test section. The boundary layer is tripped with a 1.5 
mm high strip of tape along the · entire span wise direction at the exit of the 
nozzle. A vortex generator is then located 0.48 m downstream of the boundary 
layer trip. Downstream edges of injection holes are located 1.064 m and 1.014 
m from the downstream edge of the vortex generator base plate, respectively. 
The leading edge of the heat transfer surface is located 1.077 m from boundary 
later trip , which is the unheated starting length of the test section. Streamwise 
locations of thermocouple rows are also shown in Figure 1. 
The left hand and right hand edges of this base plate are the base edges 
referred to in Table 1 as location references. The left or right edge of the lexan 
base is used depending on whether a clockwise or counter-clockwise vortex is 
induced. Looking downstream, the left edge of the base is the reference for 
vortex generator positions RO, Rl, R2, R3 and R4. Similarly, the right edge of 
the base plate is the reference for vortex generator positions LO, L l, L2, L3, L4. 
The "L" denotes vortex generator base plates placed to the left of the tunnel 
centerline (looking downstream). With this arrangement, secondary flows cause 
the counter-clockwise rotating vortices to move to the right as they convect 
downstream. The "R" denotes vortex generator base plates placed to the right of 
the tunnel centerline (looking downstream). With this arrangement, secondary 
flows cause the clockwise rotating vortices to move to the left as they convect 
downstream. Figure 4 shows details of these reconfigurations in greater detail. 
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B. VORTEX GENERATOR 
The vortex generator consists of a half-delta wing which is attached to the 
test section at an angle of 18 degrees with respect to the streamwise direction. 
The design is similar to those employed by Williams [Ref.23] and Craig [Ref.4]. 
Figure 3 shows that the height of the wing is 3.2 em and the length is 7.6 em. 
The wing is attached to a Lexan mounting plate which acts as a base. This base is 
4.2 em wide and 9.2 em long and is attached to the test section at various 
positions in the spanwise direction at a streamwise location which is 0.48 m 
l 
downstream from the boundary layer trip. Lines for angles of 18, 15, 12, 8,4 
and 0 degrees with respect to the streamwise direction of the base are scribed 
in to the plate. The plate may be used for clockwise or counter-clockwise 
vortices depending on the orientation of the delta wing on the base plate. In this 
study, vortices are formed using the delta wing at an 18 degree orientation, with 
the generator apex pointing upstream (see Figure 3). The labels used for th e 
different span wise vortex positions are given in Table 1, along with 
corresponding distances of the base edge to the wind tunnel centerline. 
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TABLE I. SPANWISE COORDINATE OF VORTEX POSITION 
VORTEX POSITION SPANWISE COORDINATE VORTEX POSITION 
NOMENCLATURE INCM AT X/D=10.2 IN CM 




R4 7.2 4.06 
LO 0.0 2.54 
Ll -1.8 
L2 -3.6 
L3 -5 .4 
L4 -7.2 -5.08 
C. INJECTION HOLE CONFIGURATION 
The injection hole configuration con ists of two rows of five holes per row. 
The hole diameter used is 0.945 em and the holes are 7.8 d apart in the span wise 
direction and 5.2d apart in the streamwise direction. The injection holes are 
oriented at compound angles such that the plane of each hole is angled at 50.5 
degrees with respect to the streamwise/normal (X-Y) plane. Within the plane of 
each hole, each is angled at 24 degrees with the X-Z plane of the test surface. 
This arrangement amounts to a spanwise/normal projection of 30 degrees with 
respect to the test surface and a streamwise/normal projection of 35 with respect 
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to the test surface. The centerline of the middle hole in the row nearest the heat 
transfer surface is located at the test surface centerline. A schematic of the test 
surface with this configuration is shown in Figure 5. 
D. INJECTION SYSTEM 
Injection air originates in a 1.5 hp, single stage, Ro tron blower. The 
injectant continues through a valve, a rotometer, a small diffuser and into a 
plenum chamber. In the plenum chamber are two heating pads to heat the 
injectant to a temperature above ambien t. With this arrangement , injectant 
temperatures as high as 100 degrees Celsius above ambient air temperature may 
be achieved. 
The film coolant is injected from the two rows of holes into the boundary 
layer which is developing along the test section . Downstream edges of the 
injection holes which are furthest downstream are 1.064 m from the boundary 
layer trip , 0.584 m from the leading edge of the vortex generator and 0.01 3 m 
upstream from the constant heat flux surface. Additional detail s of these 
streamwise locations are found in Figures 1 and 2. 
Qualification of the injection system includes determination of the discharge 
coefficient variation with Reynolds number. These data agree with earlier 
injection system resul ts presented by Williams [Ref. 22] . 
Variations of temperatures at the exits o tion holes T inj with injection 
plenum temperature Tplenurn were also measured by Bishop [Ref. 1]. This 
reference shows that Tinj has a linear dependence on Tplenurn for blowing ratios 
from 0 to 1.5 and injection temperatures from 20 to 100 degrees Celsiu s. 
Blowing ratios m of 1.3 and 0.5 were used in the present study. The 0.5 blowing 
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ratio was used with one row of holes and two rows of holes. When one row was 
used, the upstream row of holes was plugged and covered with cellophane tape. 
E. HEAT TRANSFER SURFACE 
The heat transfer surface is designed to provide a constant heat flux over its 
area. The constant heat flux plate is located at the bottom of the wind tunnel just . 
downstream of the film cooling holes. The uppermost surface is adjacent to the 
air stream and is maintained level with the test surface by using height 
adjustment screws located in the support frame. Closest to the airstream is a 1.3 
m by 0.476 m by 0.20 mm stainless steel sheet of foil painted with seven layers 
of liquid crystals. The foil is arranged so that heat is dissipated uniformly 
throughout the heater. Just under the foil are 126 Copper-Constantan 
thermocouples arranged in six rows. Each row consists of 21 thermocouples 
with a spanwise spacing of 1.27 em to provide adequate spanwise spati al 
. resolution of surface temperature distribution s. The lead wires of th e 
thermocouples are placed in grooves cut into a triple sheet of 0.254 mm thick 
double sided tape. These grooves are then filled with RTV epoxy. Underneath 
them is the 6.0 mm by 1.118 m by 0.438 m etched foil heater, which is attached 
to the double sided tape with Electrofilm electroband epoxy. The heater is rated 
at 120 Volts and 1500 Watts. An ammeter and a voltmeter are used to measure 
heater power levels which are adjusted using a type 3000B Standard Electric 
Company Variac. The insulation beneath the heater consists of a 12.7 mm thick 
Lexan sheet, a 25.4 mm thich layer of fo am insulation, an 82.55 mm thick layer 
of styrofoam , three sheets of 0.254 mm thick Lex an and a 9.53 mm thick sheet 
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of balsa wood. The heat transfer test surface is enclosed in a plexiglass support 
frame which is mounted onto the underside of the wind tunnel. 
Conductive heat losses amount to 1.5 to 2.5 per cent of the total power of 
the heater, and are determined using an equation given by Ortiz [Ref. 18] based 
on an energy balance. Radiation losses are determined using an equation given 
by Joseph [Ref. 10] and average about 8.5 per cent of the total power. 
Thermocouple contact resistances are determined using equations given by Ortiz 
[Ref. 18] and Williams [Ref. 22] . 
Local Stanton number values with film cooling are often normalized usin g 
Stanton number baseline values. Baseline Stanton numbers are ones measured 
when no film cooling and no vortex are present. These results are compared to 
the empirical relationship from Kays and Crawford [Ref. 12] for a constant heat 
flux surface downstream of an unheated starting len gth in Fi gure 7. The 
empirical equation is given by: 
(Equation 2.1 ) 
where u 1 is defined by: 
.2-
u1 = 1- (;' )' (Equation 2.2) 
Figure 7 shows that experimental baseline data correspond well with th e 
empirical correlation with a maximum devariation of 3 per cent for Reynold s 
numbers greater than 8 X 10 5 . 
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F. TEMPERATURE MEASUREMENTS 
Calibrated copper-constantan thermocouples are used to measure all 
temperatures, including heat transfer surface temperatures, the injection plenum 
temperature, the local boundary layer temperature, and the free stream 
temperature. The calibration equation for the freestream thermocouple is given 
by Williams [Ref. 22] and the calibration equation for the 126 thermocouples 
used to measure the surface temperatures of the heat transfer plate is given by 
Ortiz [Ref. 18] . The equation used to convert voltage to temperature for the 
thermocouples located in the injection plenum chamber and at local positions in 
the boundary layer is given as: 
Tinj ( °C) = 2.2907 + 0.85948 * T plenum (°C) (Equation 2.3 ) 
Calibration of these thermocouples was per(ormed using a temperature bath 
which is controlled and regulated with electric heaters, and a platinum resistance 
thermometer for a temperature reference ( + .01 o C). The new thermocouples 
employed in the plenum chamber are connected to channels 148, 149 and 150. 
The thermocouple used to measure local boundary layer temperature is 
connected to channel 153. 
Local boundary layer temperature measurements , made to determine 
injectant distributions in Y-Z planes, were performed using one of the newl y 
calibrated thermocouples. For these surveys, the freestream temperature 
remains at ambient conditions with the injectant heated to 50 degrees Celsius and 
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no power applied to the heat transfer surface. Local temperatures are taken at 
800 locations in the Y -Z plane corresponding to an overall plane of 12 em X 22 
em at a streamwise distance of x/d = 45.8 em. Twenty points are taken in the 
vertical direction and forty point are taken in the horizontal direction in each 
measurement plane. The spacing between points in the Y and Z directions is 0.2 
inches. The thermocouple probe is mounted in a traversing device consisting of 
two traversing blocks which allows for two degrees of freedom. The blocks are 
each mounted separately. Each is guided by two steel, case hardened support 
shafts and driven by a 20 thread per inch pitch driving screw. Superior Electric 
Company M092-FD31 0 type stepping motors are used to drive each of the two 
shafts. The motors are controlled by a two-axis Superior Electric company 
MITAS, controller, which is able to store 2K bytes of information and 1s 
equipped with a MC6800 16 bit microprocessor assembly. The MITAS I S 
operated by a Hewlett-Packard Series 200, Model 9836S computer, which also 
controlls a Hewlett-Packard 3497A Data Acquisition/Control uni t and 3498A 
extender used to acquisition voltages from thermocouples. 
G. MEAN VELOCITY MEASUREMENTS 
A United Sensors and Control Corporation DC-250-24CD five hole pressure 
probe is used to measure the three components of mean velocity. The probe has 
a conical tip of diameter 6.35 mm. Calibration characteristics of the five hole 
pressure probe are given by Williams [Ref. 23] for yaw and pitch angles ranging 
from -20 degrees to +20 degrees. During measurements, it is mounted in a 
traversing device similar to the one used used for the injectant surveys. Each of 
the five ports of the pressure probe is connected to a Celesco LCVR differential 
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pressure transducer with a full scale range of 0-2.0 em of water. These, in turn, 
are connected to five Celesco CD-I OD carrier demodulators which convert the 
output signal of the transducer to a D.C. voltage. The D.C. voltages are then 
acquisitioned by the Hewlett-Packard 3497A Data Acquisition Unit. Velocities 
are determined from pressure coefficients using software contained in the 
Hewlett-Packard 9836S computer. 
H. FLOW VISUALIZATION 
The injectant is visualized by contaminating it with theatrical fog in the 
plenum chamber before it enters the injection holes and then passes along the test 
surface. A model 1500 Rosco Fog/Smoke Machine is used to supply the fog. 
The machine uses a fluid which contains a mixture of low molecular weight 
glycols. During fog production, the fog fluid is first heated to a state condition 
near vaporization. Atomized vapor is then produced as the fog fluid expands 
through an orifice. During flow visualization tests, the injectant flow pressure is 
maintained entirely by the fog machine, requiring adjustment of the freestream 
velocity of the wind tunnel to create desired blowing ratios. 
A Dage-MTI video camera, model number CCD 72, is used for 
photography of visualized flow pattern . A tripod is used to hold the camera 
stationary as the photographs are taken. Both the camera and tripod are 
positioned 50.8 em above the transparent top of the wind tunnel as Tungsten 
lamp spotlights are used to provide illumination of flow patterns. The video 
image is monitored on an MTI HR 1000 video screen and the resulting hard copy 
images are produced by a Mitsubishi P65U video copy processor. 
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III. EXPERIMENTAL RESULTS 
A. BASELINE HEAT TRANSFER DATA 
Dimensional spanwise-averaged Stanton numbers are presented in Figure 5 
along with baseline data from Bishop [Ref. 1] and the empirical relationship 
given by Kays and Crawford [Ref. 12] for a turbulent boundary layer developing 
along a constant heat flux surface downstream of an unheated starting length (see 
Equations 2.1 and 2.2). Both experimental baseline data sets agree with the 
empirical correlation within five percent, for Reynolds numbers greater than 8 
x 105. The baseline data set from the present study is used to normalize Stanton 
numbers presented in Section D. 
B. FILM COOLING HEAT TRANSFER DATA WITH NO VORTEX 
AND FILM COOLING, M=1.3 
Data taken with film cooling but no vortex present are now presented. A 
constant blowing ratio of 1.3 (to within +0.005) was employed from one row of 
compound angle injection holes. Values of the non-dimensional temperature (8) 
employed were approximately 1.3, 1.0, 0.5, and 0. Adiabatic effectiveness 
values and iso-energetic Stanton numbers were determined using the linear 
superposition technique described by Bishop [Ref. 1]. 
Figure 6 shows adiabatic film cooling effectiveness (11 ) plotted versus non-
dimensional streamwise distance (x/d). Included in this figure are results from 
Bishop [Ref.1] for blowing ratios of 0.5 and 1.0 . When compared to results for 
a blowing ratio of 1.3 , these results show that the film cooling effectiveness (11) 
value is lowest for the highest blowing ratio (m=1.3). In addition, data are 
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essentially invariant with x/d for x/d greater than 30. Figure 8 shows the 
variation of the iso-energetic Stanton number ratio (Str I St{)) with x/d. This 
ratio varies only slightly over the entire length of the test surface for x/d up to 
about 100. 
Figures 9,10 and 11 show three-dimensional plots of the Stanton number 
ratio (St/Sto), iso-energetic Stanton number ratio (Str/Sto) and film cooling 
effectiveness as functions of x/d and z/d. Data are given for six different 
streamwise locations, x/d = 6.7, 17.2, 33.1, 54.3 and 96.6. All three types of 
data show spanwise periodic distributions over most of the x/d range studied. 
Such spanwise variations of St/Sto , Str /St{) and 11 correspond to spanwise 
accumulations and deficits of injectant. 
Figures 12-26 contain plots of Stanton number ratio (St/Sto) versus non-
dimensional temperature (8) for three different spanwise locations, z=O.O, 6.35, 
and -6.35 and six different streamwise locations. With the exception of one or 
two data points in Figures 16 and 21, each graph shows a linear relationship 
between St/Sto and 8, where St/ St{) values generally increase with decreasing 8. 
C. HEAT TRANSFER DATA FOR VORTEX POSITIONS RO, LO 
WITH NO FILM COOLING 
Figures 27 shows St/Sto values versus spanwise coordinate (Z) obtained 
with an 18 degree vortex at generator position RO. Similarly Figure 28 shows 
results obtained with the vortex generator at position LO. Some scatter is present 
for X=1.15 m in both plots, however, in general, data correspond well to 
similar results presented by Craig [Ref. 3]. In Figure 27, maximum St/Sto 
values shift to larger Z as streamwise distance increases for position RO. In 
Figure 28, St/Sto values shift to smaller Z with streamwise distance for position 
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LO. Away from the test section centerline, where spanwise variations are small, 
St/Sto values approach 1.0, as expected. 
D. HEAT TRANSFER DATA WITH FILM COOLING AND 
EMBEDDED VORTICES 
Heat transfer results are presented in six parts. These are: One row of film 
cooling holes, no vortex ; one row of film cooling holes, vortex positions RO-R4; 
one row of film cooling holes, vortex positions LO-L4; two rows of film cooling 
holes, no vortex; two rows of film cooling holes, vortex positions RO-R4; and 
two rows of film cooling holes, vortex positions LO-L4. 
1. One row of film cooling holes, no vortex with m=O.S 
Str/St0 data versus spanwise distance (Z) are presented in Figure 29 for 
injection from one row of film cooling holes with m=0.5 and no vortex present 
for x=1.4m. This figure shows a spanwise periodic variation of Str/St0 due to 
accumulations and deficits of film cooling across the test section span. These are 
shifted in the span wise direction from hole locations due to the compound angle 
nature of the holes. This shift is approximately 2-3 em, and increases with 
streamwise distance. 
2. One row of film cooling holes, Vortex positions RO-R4, with 
m=O.S 
Figures 30 and 31 show St/Sto variations with Z for X=1.4 m for vortex 
positions RO-R4. Figure 30 shows that St/Sto variations for positions RO and R4 
are quantitavely similar (accounting for the spanwise shift of the vortex 
generator) because positions RO and R4 are similarly oriented with respect to 
film cooling holes (R4 is positioned one hole over from RO). For Z larger than 
9-10 em and Z less than -7 to -8 em, St/Sto data in Figure 30 approach 
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distributions which exist when no vortex is present. The influence of the vortex 
is most important between these regions. Maxima St/Sto for vortices RO-R4 are 
at different locations and have different magnitudes in Figure 31. Of these 
vortices, the ones with downwash regions farther to the right have lower 
maxima. 
Figures 32-36 show the streamwise development of St/Sto and St[/St0 
variations. These figures show how vortex secondary flows become more 
detrimental as well as how the protection offered by the film cooling diminishes 
locally with streamwise development. 
3. One row of film cooling holes, Vortex positions LO-L4, with 
m=O.S 
Data obtained using one row of film cooling holes, vortex positions LO-
L4, with m=0.5 are presented in Figures 37 and 38 for x=1.4 m. The first of 
these figures shows that St/Sto data for vortex positions LO and L4 are quite 
similar, only shifted in the spanwise direction with respect to each other. 
Figure 38 shows that maximum St/Sto shift to the left as vortices are moved 
to the left in the spanwise direction. Vortex L2 has the highest local maximum 
and vortex L3 has the lowest local maximum. 
Figures 39-43 provide information on the streamwise variation of St/Sto and 
Str/Sto data for vortices LO -L4. As for vortices RO-R4, the most significant 
Stanton number ratios with respect to ratios with film cooling only occur farther 
downstream at X of 1.6 m, 1.8 m, and 2.0 m . A comparison of these results 
with data in Figures 32-36 shows that maxima St/Sto are generally smaller for 
vortices LO-L4. 
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4. Two rows of film cooling holes, no vortex with m=O.S 
Figure 43 shows the spanwise variation of Stc/St0 for x=1.4 m. 
Comparison of these data to results in Figure 29 indicates a more spanwise 
uniform, less spanwise periodic, distribution of Str/Sto with Z. 
5. Two rows of film cooling holes, Vortex positions RO-R4, with 
m=O.S 
Figures 45 and 46 show variations of St/Sto with z for x= 1.4 m for 
vortices RO-R4. Figure 45 shows that magnitudes of St/Sto for vortices RO and 
R4 are similar in shape. Figure 46 shows that the minimum St/Sto occurs for 
vortex RO and that the maximum St/Sto occurs for vortex R2. The vortex 
providing the largest local St/Sto maximum is R2. 
Figures 47-51 show a comparison of St/Sto to Stt/S to. Again, as the fluid 
moves downstream, the vortices dominate local heat transfer behavior, and the 
film cooling no longer provides adequate protection at these locations. 
6. Two rows of film cooling holes, Vortex positions LO-L4, with 
m=O.S 
Figures 52 and 53 show St/Sto variations at x=1.4 for vortices LO-L4. 
Shapes and magnitudes of St/Sto are similar for vortices LO and L4. Figure 53 
shows that the maximum St/Sto corresponds to vortex L2. The vortex providing 
the largest local St/Sto maximum is L2. 
Figures 54-58 show a comparison of St/Sto to Str/St0 . As for earlier 
results, vortex effects dominate local St/Sto behavior farther downstream. 
Comparison of these results to ones in Figures 46-50 for vortices RO-R4 shows 
that maxima St/Sto are much smaller in magnitude for vortices LO-L4. 
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E. FIVE HOLE PRESSURE PROBE SURVEYS 
In the discussion of results obtained using the five hole pressure probe, 
streamwise vorticity contours are presented first. This is followed by discussion 
of secondary flow vectors, streamwise velocity distributions, and total pressue 
distributions. Surveys are presented for two different streamwise locations: 
position A where x/d=10.2, and position B where x/d=45.8. 
1. Streamwise vorticity contours 
a. Probe position xld=10.2, no film cooling 
Figures 59-64 show orticity contours determined from 
measurements taken at position A, x/d=10.2, with no film cooling. Data are 
given for vortices LO, L4, L8, RO, R4 and R8. In each of these figures, the 
vortex core is approximately circular in shape. Vorticity and circulation levels 
are approximately constant for the different vortices. Here, L8 and R8 refer to 
vortex generator base plates, placed 10.8 em from the left or right of the tunnel 
centerline (looking downstream). The average distance between core centers is 
7.3 em which corresponds well to 7.2 em, the value used for span wise 
positioning of the vortex generator. 
b. Probe position xld=45.8, 1 row film cooling holes, m=O.S 
Figures 83-90 show vorticity contours taken at position B, x/d=45.8, 
with one row of film cooling holes, m=0.5, and vortices RO-R3 and LO-L3. The 
cores are again circular in shape. The average maximum vorticity is 616 rads/s. 
The average spanwise distance between cores is 1.7 em, which corresponds well 
to 1.8 em, the spanwise distance between vortex generator positions. The 
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deviations from this spacing result because of slight repositioning of the vortices 
by the film cooling. 
c. Probe position xld=45.8, 2 rows of film cooling holes, 
m=O.S 
Figures 91-98 show vorticity contours taken at position B, 
x/d=45.8, with two rows of holes used for film cooling. A blowing ratio of 0.5 
is used with all vortices. The average vorticity of vortices RO-R4 is 675 rads/s 
( + 5%) which varies significantly from the value for vortices LO-L4, which is 
476 rads/s. This difference is due to the fact that the injectant flow opposes 
vortex secondary flows near the wall for vortices LO-L4. Vortex cores are 
spaced an average of 1.6 em apart. 
2. Secondary flow vectors, streamwise velocity and total 
pressure distributions 
a. Probe position x/d=l0.2, no film cooling 
Figures 65-82 give the secondary flow vectors, streamwise velocity 
distributions and total pressure distributions at probe position A, x/d= 1 0.2, for 
vorticesRO, R4, R8, LO, L4 and L8. Vortices in these figures are evidenced by 
clockwise directed secondary flow vectors (for vortices RO-R4) or counter-
clockwise directed secondary flow vectors (for vortices LO-L4) when viewed 
looking downstream. The size and shape of each vortex are consistent with 
vorticity contours presented in Figures 59-64. Spanwise positions of vortices 
RO, R4, and R8 are about 7.2 em apart. Similar spacing is evident for vortices 
LO, L4 and L8. 
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b. Probe position x/d=45.8, 1 row of film cooling holes, 
m=O.S 
Figures 99-122 show secondary flow vectors, streamwise 
velocity distributions and total pressure distributions for vortices RO-R4 and LO-
L4 as measured at x/d=45 .8. These data are consistent with similar data given by 
Williams [Ref. 22] and Craig [Ref. 3]. Each plot shows a region of low velocity 
or low pressure corresponding to injectant locations. These locations are well 
correlated to regions of injectant depletion shown in Figures 163-170. 
c. Probe position xld=45.8, 2 rows of film cooling holes, 
m=O.S 
Figures 122-145 show plots of secondary flow vectors, velocity 
distributions and total pressure distributions measured downstream of two rows 
of film cooling when vortices RO-R4 and LO-L4 are present. Sizes and shapes of 
different vortices are similar. As for data taken downstream of one row of 
holes, velocity and pressure deficits are evident at locations where injectant 
accumulates. 
F. INJECT ANT DISTRIBUTION SURVEYS 
In this section, the results of injectant distribution surveys are presented as 
measured downstream of one row of holes and two rows of holes using a 
blowing ratio of 0.5. They are presented for x/d=45.8. 
1. Injectant distributions, one row of film cooling holes, m=O.S 
Injectant distributions for vortices RO-R4 and LO-L4 are found in Figures 
14 7-154 and 163-190. Each plot contains two of three regions of injectant 
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injectant concentration as well as regions where injectant is depleted near vortex 
downwash regions and beneath vortex cores. 
2. Injectant distribution, two rows of film cooling holes, m=O.S 
Figures 155-162 and 171-178 show injectant distribution surveys 
measured downstream of two staggered rows of injection holes for vortices RO-
R4 and LO-L4. These results are qualitatively similar to ones measured 
downstream of one row of holes. One important difference is evident near 
walls, where injectant accumulations are more frequent in number across the 
channel span. 
G. FLOW VISUALIZATION RESULTS 
Flow visualization data are found as Figures 179-194. Figure 179 shows 
visualized film coolant downstream of two rows of holes with no vortex present. 
Figures 180-184 for vortices RO-R4 downstream of two row s of holes show that 
vortex R2 provides the most significant rearrangement of injectant. In contrast, 
the phototgraphs in Figures 185-189 for vortices LO-L4 downstream of one row 
of holes show that vortex L4 causes the most disturbance to the injectant. For 
vortices RO-R4 downstream of one row of film cooling holes, vortices RO and 
R4 are most detrimental. 
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IV. SUMMARY AND CONCLUSIONS 
Experimental results are presented which document the effects of 
embedded longitudinal vortices on film cooling injection from one and two rows 
of holes with compound angle orientations. Holes are designed such that their 
angles with respect to the test surface are 30 degrees in a spanwise/normal plane 
projection, and 35 degrees in a streamwise/normal plane projection. A blowing 
ratio of 0.5, non-dimensional injection temperature parameter of 1.29 to 1.38, 
and freestream velocity of 10 m/s are employed. Results show that injectant 
distributions are affected by the longitudinal embedded vortices, their directions 
of rotation, their spanwise positions with respect to film injection holes, as well 
as the number of rows of film cooling holes. Maximum Stanton number ratios 
are smaller in magnitude for counter-clockwise vortices (viewed when looking 
downstream). These heat transfer results are further substantiated by surveys of 
streamwise mean velocity, secondary flow vectors , total pressure, streamwise 





Appendix A contains all of the figures generated for this thesis. These 
figures include test set-up, hole configurations, plots of Stanton numbers versus 
Reynolds numbers and spanwise plots of velocity, pressure and temperature for 
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Figure 3. Vortex Generator Details 
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Figure 33. Spanwise Variation of St/St{) and Str/St{) Ratios, m=0.5, One 
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Figure 34. Span wise Variation of St/St{) and Str/St0 Ratios, m=0.5, One 
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Figure 35. Spanwise Variation of St/Sto and Str/St0 Ratios, m=0.5, One 





































" O::: X ::L
w CD 
ruUH- v cs:J 
ruoa::: x . ...... 
C'T1 (L 0 w 
> I-ll II 
















I I OUJ 
o+_l . 












(.D v (Sl (\j 
I 
Figure 36. Spanwise Variation of St/S to and Str/Sto Ratios, rn=0 .5, One 








II 0 "<t >< (/) (/) 0 0 0 
(/) Q_ Q_ 0 0 
z v; v; 
0 :;:::, :;:::, (/) (/) 
1-
(/) 














C\! ~ Ol co ,..._ ' ~ 0 0 0 
Ol.S i l.S 
Figure 37. Spanwise Variation of St/Sto Ratios, m=0.5, One Row of Holes, 






E 0 i ~ ~ (/) 8.. 8.. 8.. ~ 
.9 .9 .9 .9 
T"" (/) ~ (/) (/) :;::. ~ :;::. 0 II (/) (/) 
>< 
en 

















"! ~ Ol 00 ,..... ' """: 
~ ~ 0 0 0 
OlS/lS 
Figure 38. Spanwise Variation of St/Sto Ratios, m=0.5, One Row of Holes, 
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Figure 40. Span wise Variation of St/St{) and Stf/St{) Ratios, m=0.5, One 
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Figure 42. Spanwise Variation of St/St{) and Str/St{) Ratios, m=0.5, One 
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Figure 43. Spanwise Variation of St/Sto and Str/Sto Ratios, m=0.5, One 
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Figure 44. Spanwise Variation of St/Sto Ratios, m=0.5 , Two Rows of 
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Figure 45. Spanwise Variation of St/Sto Ratios, m=0.5 , Two Rows of 
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Figure 46. Spanwise Variation of St/Sto Ratios, m=0.5, Two Rows of 
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Figure 47. Spanwise Variation of St/Sto and Str/Sto Ratios, m=0.5, Two 
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Figure 48. Span wise Variation of St/Sto and Str/Sto Ratios, m=0.5 , Two 
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Figure 49. Spanwise Variation of St/Sto and Str/St0 Ratios, m=0.5 , Two 
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Figure 50. Spanwise Variation of St/Sto and Str/Sto Ratios, m=0.5,Two 
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Figure 51. Spanwise Variation of St/Sto and Str/Sto Ratios, m=0.5 ,Two 
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Figure 52. Spanwise Variation of St/St{) Ratios, m=0.5 , Two Rows of 
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Figure 53. Spanwise Variation of St/Sto Ratios, m=0.5, Two Rows of 
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Figure 54. Spanwise Variation of St/Sf{) and Str/Sf{) Ratios, m=0.5, Two 
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Figure 55. Span wise Variation of St/Sto and Str/Sto Ratios , m=0.5, Two 
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Figure 56. Spanwise Variation of St/Stn and Str/Stn Ratios, m=0.5, Two 
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Figure 57. Span wise Variation of St/Sto and Str/Sto Ratios, m=0.5, Two 
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Figure 58. Spanwise Variation of St/St{) Ratios, m=0.5 , Two Rows of 
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STREAMW I SE VORTICITY <Wxl 
RUN + 8289121 . 19 2 1 
VORT GEN + I AT Z- 121 em 
VORT GEN ANGLE - 18 
PROBE POSIT B x / d - 45. 8 
BLOWING RATIO- .5 
MOMENTUM FLUX RATIO- .25 
F REESTREAM VELOC IT Y< Ul - 10 
INJECTI ON VELOC IT Y (Ucl - 5 
m/ s 
m/ s 
VO RTI C ITY RANGES 
0 <-50 
I - 5121 - 3121 
2 - 3121 10 
3 1121 7121 
4 7 121 15121 
5 150 2 5121 
6 25121 3 7 121 
7 37 121 5 1121 
8 5 1121 6 7 121 
9 >67 121 
Z22 2Z 22 2 2 Z 22 ZZZ 
2 2!2 222 222222 22 
2 2!2 22 222 2 2222 2 
2222 222 2222222 2 
2 22222 2222 222 22 
222222222222222 
2 2Z2 22 22 2 22ZZZZ 
zzzzzzz z 
2222222222222 
222:22 22 222 22 
222222222:2222 





ZZ2 22 ZZZZZ~ZZZ 
22222222222222 
222ZZZ2 2 22222Z 
222222222222 2 2 











2 2 z 
2 2 2 2 2 2 2 2 222 2 2 2222 2 2 222222~222'2222222 22 22 
0.0 
- 14.0 -12. 0 -1121.0 - 8 .0 
I I I 1 
- 6.0 - 4 . 121 - 2.0 0.121 2 . 121 4.121 6 .0 8.0 
Zcen - - 4.06 
Wx max-642 . 7 
Cr - . 12 576 
C r 2 - . 13200 
e m Ycen- 2 . 48 em 
l / s 
mA2/ s CWxth-100 l / s ) 
mA2/s CWx th - 76 . 0 3 l /s ) 
Cr / (Uc*dl- 2.64758 
Cr 2/(Uc*dl - 2. 779 01 
z e m 
Rad ii fm Min to Max 2nd Flow Veloc ity 
Zco re- . 5 1 e m Yc ore - . 76 em 
2*( Zcore+Yco re ) / (2* d l - 1.337 
Rad 1 I fm Wx mx to 257. I I / s (. 40 WWx mx ) 
Z2 co r e - .79 e m Y2 co re- .7 8 e m 







0 ~ 0 (1) 
....... 





'"1 (1) (D Pol 






































8 . 1!1 
6 . 1!1 
4.0 
2 . 0 
0.0 
STREAMHISE VORT ICI TY CWx> 
RUN+ 82090. I 
BLOWING RATIO- .5 
MOMENTUM FLUX RATIO- . 25 
VORTICITY RANGES 
0 <-5111 
I -50 - 30 
2 -30 11!1 
3 10 70 
" 70 150 5 150 251!1 
6 250 370 
7 370 510 
8 510 6 711! 
9 >670 
a I I a a I a a a I I 
a I I a a I I a I a I a 
a a I I a I I I I I I 
I a a a a a I a I I a I 
I I a a I I I I a I I I 
a a I a a a I I a a I a I 
I I a I a I I I a I 
• • • • • • • • • • • • 
a a a a I a I I I I I I I 
a a a I I I I a a I I a a I I 8 I I I 8 I I a 
I I t a I a I a a I I a a a I 
a a I a I a I I a I I a 
a a I I I I a a a a a a 
• • • • • • • • • • • 
I a I I I 
• • a 
a I I a a 
a • 
• • • • • 
a a a a a a I I a I a a a a I a I a a I I I a 





Cr- • 135'12 
Cr2- .14389 
oM Yoen- 2.'18 Clll 
1/e 
•~2 /e (Hxth•l011! l / e) 
m~2 /a (Wxt h-76.03 l / s) 
Cr / (Uc*d)- 2.8508'1 
Cr2 / (Uc*d>- 3.02925 
VORT GEN + I AT z-
VORT GEN ANGLE- 18 
PROBE POSIT B x/d 
I. 8 Clft 
'15.8 
FREESTREAM VELOCITY<U>- 10 




• • • • • • • • • • • 
I a a I a a I a a 
I a I I a I a a a a I 
a a I I I a a I a 
I I a a I I a I I I I 
I a I I a I I a I a I 
• • • • • • • • • • • 
a a a a I a a I a I 
a a a a a I a a a a I 
• • • • • • a • • • • a 
a I I I I I I a a I a I 
a a a a I a I a a I a 
a I a I I a I I I a a a 
I a a a a a a a I a I 
a I I a a a I I 
I I a a a a I a a I I a 
• • a a 
• • a • • 
a I a t a a 
• • 
• • 
I a a a a a I a 
2 . 0 4.0 6.111 8.1!1 
Radii fm Mtn ~o Max 2nd F lo~ Velool~y 
Zoore- . 5 1 em Yoa~e- .76 c~ 
2*( Zoore+Yoore ) / (2*d)- 1.337 
Radii f• Hx•x ~o 260.3 l/e (.'10*Hxmx) 
Z2oo re- .83 o~ Y2oore- . 80 em 












<~ Q (ti 
..... ~ 










































STREAMWISE VORTI CITY (Wxl 
RUN+ 8!99121 .2 
VORT GEN + I AT z- 3.6 e m 
VORT GEN ANGLE- !8 
PROBE POSIT B x / d - 45 .8 
BLOWING RATIO- .5 
MOMENTUM FLUX RATIO- .25 
FREESTREAM VELOCIT Y(Ul- 1121 
INJECTION VELOCITY (Ucl- 5 
m/ a 
m/ a 












-50 - 30 




250 3 7 0 
3 7 €1 5 !111 
5 !111 670 
>670 







I I I I I I I I I I I I I I I 
I! I! I! I! ! ! I • • 
I I I ! I I I I! I I I I! I I I I 
!:1!11!1!:1!:11111111!1 
11:111:1 1 1:11!1'!11:11!1 
!:1!1!11111!1!1!11!1 
1!11111!1!11:111 
• • • 
I! I I I! 
• • • 







I I I I! I I! I I I I I I I I 
11111!11111:1!1!1 
• I I Z 8 I I I I I I I 
I I I t I I I I I I I I I I 
I I ! 
I IIIII 
I I I I I 
I I I I I! 
••••••• 
I I I I I 
I I I I I 
I I I I I 
!!Ill! I! 
I I ! 1: 
1: I! I I! 
I. I Z. I 
• • • 
I I I I 
llllli: 'ZIIII:I:I!I!IIIIIIIII!I! 
I I I I I 
ll _illll:ll········ 
- !4.0 - 12.0 -10 . 0 - 8 . 0 -6. 0 - 4 . 0 -2 .0 
em 
0 . 0 2.0 4.111 6.0 8.0 
Zcen- - . 51 
Wx max -631. 7 
Cr - .12188 
C r 2- .1 3058 
em Yce n- 2.48 em 
l /s 
m~2/s (Wxt h-100 l / s) 
m~2/a (Wxt h-76.03 l /~) 
Cr/(Ue*dl- 2 .56586 
Cr2/(Ue *dl- 2.748 96 
z 
Radl 1 fm Hln to Max 2nd Flo~ Velocity 
Zc ore- .51 em Ycore- 1.1212 e m 
2* ( Zcore+Yc o re )/ (2*dl- 1 .604 
Radl I fm Wxm x to 252.7 I / $ (.40*Wxmxl 
Z2eore- .81 em Y2e ore- .78 em 
2*(Z2o o re +Y2e ore )/ (2*dl- 1.674 
--1'.) 
'"Tj 













































4 . 0 
2.0 
0.0 
STREAMWI SE VORTICITY IWxl 
RUN* 81990. 14 3 
VORT GEN + 1 AT Z- 5 .4 em 
VOR T GE N ANGLE- 18 
PROBE POSIT 8 x / d ... 45.8 
FREESTREAM VELOCITY<Ul - 10 
INJECTION VELOCITY IUc l- 5 
m/ s 
BLOWING RATIO- . 5 
MOMENTUM FLUX RATIO - .25 
VORTI CITY RANG ES 
0 <-50 
1 -5 0 - 30 
2 - 30 10 
3 10 70 
4 70 150 
5 150 250 
6 25 0 3 7 0 
7 370 5 10 
8 510 670 
9 ) 670 
2 222222222 2 222 2 
222222222222222 










22ZZ22 22Z Z2222Z22 222 22 
222222 222222Z222ZZ22 
z z z z z z z z __ z_~ z z z z 2 z z z z 
2 2 2 l 2 2 2 JJ 3 2 2 2 2 2 2 2 2 2 2 2 2 2 
2 2 2 2 2 2 2 ( 3 3 3 2 2 2 2 2 2 z~~uz 2 2 ~ 3 
z z z z z zf 3 3 3 3 z z 2 z z z z 2 3 J 2 {;tz z 






222222 2 2222222 
22222222222222 
22222222222222 
Z Z 222lZ 2 22 2 222 
2222222222222 2 
222222222222 
zzzzzz zz zzzz 
3 3 
2 ? 2 2 




2 2 2 
2 2 2 
• 2 • 
2 2 2 2 2 
2 2 2 2 2 
2 2 2 2 2 
2 2 2 2 2 
222222 22 22 
4 . 0 6.0 8 . 0 





Zco n ""' I. 52 
Wxma x -70 2 . 3 
Cr- 13459 
Cr2- . 13678 
e m Yc en - z.g s em 
l / s 
mA2 / s ( Wx t h - I 00 1 / s l 
m"'2/ s (Wxth""' 7 fl.V'Il 1 / s) 
Cr/(Uc*dl - 2.83343 
Cr 2/(Ucvdl - 2.87~ 5 5 
Radi 1 fm Min tn M8 x 2n d Flow Velocity 
Zco re - . 76 e m Yco re = . 7 6 e m 
2 M( ?co re+Y co r~ ) / (2*dl- 1 . 6~4 
Rad I fm Wx mx t o ? 81'1 . 9 1 / s (,40VWxmx) 
Z2 core - .79 e m Y? co re - .79 em 









- · 00 ::l -....] 
(jq 
<~ 0 '"1 
::4 ~ ~ p:> 
>< 3 ~ 



































VORT GEN + 1 AT z- 0 e m 
VORT GE N ANGLE- 18 STREAHWI SE VORTICITY (W~l 
RUN + 821 91<l. 01 P ROBE P OS I T B x / d 45.8 
BLOWI NG RAT I O- .5 
HOHENTUM FLUX RATIO- .25 
FREESTREAH VELOCIT Y( U)- 10 




VORTICITY RAN GES 
0 <-5 121 
1 -50 - 30 
2 - 30 10 
3 10 70 
4 70 150 
5 150 250 
6 2 5 0 3 7 0 
7 370 510 
8 5 1121 6 7 0 
9 >6 7 0 
!1!1!!1!11!!1!!1!1!!1!1! 
1!1:!1:!!!1:11!!!1!1 
Zl!fi!!I: Z II!!!I!!' I! 
11!1!1!1!!!11!!1!1:1! 
11!1!1!1!11!1!:1!111!!11! 







!l:!!tt! ! !!!l!t!l!!!!l!ll:l!!l: l! 
II!:IZII!I!III!!!IIII!IZI:IIII 
I:I!!I:!!!I!!Z:I!!III!I!!!!Z!I!I!I! 








2 • • 2 
• • • • 
• • • • 
• • • • 
• • • • 
• • 
• • • • 
• • • • 
• • • • 
• • • • ,........, 
• • • 2 • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • • • 
• • • • 
• • • • 
• • • 
• • 
• • • • 
• I • 
2. 0 ~ I! 1:! 1: 1: Z I! I I! I 1: I I! I I I! I ! ! I I! 1!: I! Z I! 
·r::. I! Z 1:!!!! I! Z 1: Z I! _!--&..... ! I!~! I! I I! I 
! 1! I! I 1: J.-;J I 1: r ~-- 1 \1: rf I 11 I I! I! ! I! ! I! I! I! 
I!II!I! ! J!I:J:III:I:IIIP..IP..ZIIIZ 
I! II • I! 
• II r 
• 
0.0 ~~ ~_L~~_L~~~~-~~~-j_~~_L~~~L._L~~_L~~~~~~-L~ 
- 14 . 0 - 12. 0 - 10.~ - 8. 0 -6 . ~ -4.0 
Zcen- 3 . 05cm Yc en- 2 .98c m 
W~ me. x -621.5 1/ s 
Cr- . 09 7 27 mA2 / s (W xt h-100 1/ s) 
Cr 2 - . 105 93 mA2/s (W~t h-76.03 l / s) 
Cr / (Uc*d)- 2 . 04780 
Cr2 / (Uc *d )- 2 .23017 
z 
- 2 . t'J 
em 
0.0 2 . 0 4 . 121 6.0 8 . 0 
Radtf fm Hfn to He.x 2nd Flow Velocit y 
Zcore- .7 6 em Yc ore- .7 6 em 
2 *( Zcore+Ycore l / (2*d)- 1.604 
Re.dff fm Wxmx to 248.6 l / s ( . 40*Wxmx) 
Z2core- .75 em Y2core- . 75 em 













































10 . 0 
8 0 0 ·-
6.0 
4o0 
STREAMWISE VORTICI TY <W~l 
RUN+ 82!90 o08 
BLOWING RATI O- .5 
MOMEN TUM FLUX RATIO- .25 
VORTICITY RANGES 
0 <-50 
I - 50 -31!1 
2 - 30 10 
3 10 70 
4 70 !50 
5 !50 250 
6 250 3 7 0 
7 370 510 
8 5 10 670 
9 ) 67 0 
t 1! 1! 1! I! I! 1! I! I! I! I I I! 
1: I I! I! ! ! I! I! I! 
11!1!!1!1!1!1!11!11!! 
I! I! I! I I I! I! I! I! I! I! I! I! 
1!1!11!1!1!1!1!1!1!11 
!. I! I! I! ! ! ! I! I! I! I! I! I 
Z:ll!l!!l!l!t!! 
!. 1: !. I! z I! 1! I! I! I! I! I! I! 
11!!1!11:1!11!!1!1!1 
1!1:1!11!111!1!1!1:1! 1! 11!111!1!1!1!1! 
!!!:!I!:!!:!:!!!!!I!I!ZZ!I:ZI!:I: 





2.0 I I I! I! I I J!! ! I I! I! I! f I! I! I 1! 1! 1! ! ! 1! 1! 
11!!1!1!1!1! !! 1!!1!1!!1!1!1!! 1!1! 
• •) • • • _t'O""'J • • ~~~ • • • • • • • • • • 
Ill! II! 1!!11!1! I! I I! I! I! I! I!~ I! 
0 0 1!1 ~...L....L,_ 1___._l_ ~_j__,__j__.___j_, 
- l4o0 - 12.0 - 10 00 - 8 00 - 6 00 - 400 - 200 
Zcen• 1 . 5 2c m Ycen• 3 o49cm 
w~m·~ -4 84 0 3 1 / s 
Cr• . 09211 m~ 2 /s (\o.l ~th• 100 l / s) 
C r 2 • ,09633 m ~ 2 / s (\o.lxth • 76o03 1/ s) 
Cr / (Uc*d l- 1 . 93925 
Cr2 /( Uc*dl• 2.02 795 
z e m 
VO RT GEN +I AT z- - 1.8 e m 
VORT GEN ANGLE• 18 
PROBE POSIT B ~ /d 45o8 
FREESTREAM VELOCITY(Ul• 10 
INJECTION VELOCITY <Ucl- 5 
m/ s 
m/ s 
• • • • • • • • • • • • 
• • • • • • • • • • 
• • • • • • • • • • • 
• • • • • • • • • • • • 
• • • • • • • • • • • • 
• • • • • • • • • • • • 
• • • • • • • 
• • • • • • • • • • 
• • • • • • • • • 
• • • • • • • 
• • • • • • • 
• • • 
• • • 
• • 
• • 
Z Z I! 1: I 
~~~~~~~-4~ 
000 2 . 0 4 0 0 6o0 8.1!1 
Radl I fm Min to Ma~ 2nd F1ow Velocity 
Zc ore• o 76 em Yc ore• o 76 em 
2 *( Zcor e+Ycoro ) / ( 2*d l - 1 o604 
Rad I fm W~mx to 19 3.7 1/ s lo40* Wxmxl 
Z2 coro• .80 em Y2c ore• 082 em 








...... 00 ?o\0 




































6 . 0 
4.0 
2 . 0 
0.0 
STREAMWISE VORT I CITY (Wx) 
RUN+ 8 2190. 19 
VORT GEN + 1 AT z- -3. 6 em 
VORT GEN ANGLE- 18 
PRO BE POSIT B x / d 4 5 .8 
BLOWING RATIO- .5 
MOM ENTUM FLUX RATIO- .2 5 
FREESTREAH VELOCITY <Ul- 10 
INJECT ION VELOC ITY <Ucl- 5 
m/ s 
m/ s 
VO RTI CITY RANGES 
0 <-50 !!I I: !!!!!!!!!!! ~ t r r r r r r r r r r r r 
1 - 50 - 30 
2 -3 0 10 
3 10 70 
4 7 0 15 0 
!I!I!!I I: !!I I !II:IP!!!!!I!!II:!!I:II 
! ! ! I I I! 1: ! I ! I! I ! I! z11! I! I ! 1: I I! I I! ! f I! I. I! 
5 !50 2 5 0 
6 2 5 0 3 7 0 
7 3 7 0 510 
8 5 10 6 70 





I! I I! I! I! I! I! I! I! 
11!1!111!1!1!111! 
I:I!I:III!IIZI!II!II!!II!! 
!IIIII! I! 1!!11111! I! II!! II I 
I I I! I. I! I! I I! I! I ! I! I I! 1!: I! I! :1 I I! 1; ~ . I 
1!1!!1!1!1!!1:1!1!11!11!1!1!11!1!!~ 
I! 1111111!11111111.1!1!. :1 
I!. II. I!.!. 1:11211 2 II: I !.11&:1 
1!: 1!: 1: 1!: I I I 1!: 1!: I 2 f!. I I l Z Z Z: ~J 
!ZP.I!:I:I!:1!1! 1 1!:!1Zitii!: I !Z:IJ:! 
ZZ!!!:I.!!II.!II.I:!I!:!I!!I.:I:I 
2 !. I. 1! I Ji: I I I I I I I I I I I Z I l r ! 
11111 11 1111 11:111.121:! 1.11. z a 
~-L~L~~-L-~~~~_L~~~~~~~~_L~~~ 
I!:!I:I!!Z!I!I:I!! 






-~ 1. r· . . : : : : : : : : 
.1 \II 1 1l z. I! I! 1!! I I! I! I 
1 e t t: I! I! I I! I I 
-. J- -· · - ~~· : : : : : : : 
_ 'f"' 1j 2 t;_;J I • I • • • • • 
Fl!.,~ 2 '''0 2 
• 1: r r r 2 r r r r('i""0 
•• I . .. I •• • I. : II : I •• • 12 : II • i 
- 14 . 0 -12.0 -1 0 .0 - 8 . 0 -6. 0 - 4.0 -2.0 
em 
0.0 2.0 4 . 0 6 .0 8.0 
Zcen- - .5\cm Yean- 2.98 e m 
Wxm a x-543.3 1/ s 
Cr - 1 0~ 63 mA2/s CWxt h-1 00 l /sl 
Cr2 - . 1071 4 mA2/c <W x th-76.03 l /s l 
Cr /( Uc*d l - 2.20271 
Cr2 /( Uc *dl - 2 . 2556 8 
z 
Radii fm Hln to Ha x 2nd Flow Vel oc ity 
Ze ore- . 51 e m Ye ore- .76 em 
2*( Zco ro+Yco re ) /( 2*dl- 1 . 3 37 
Radii fm Wxmx to 21 7 .3 1/ s ( . 40*Wxmx) 
Z2core- . 77 e m Y2core- .78 em 











<~ 0 '""1 
































STREAMWISE VORTICITY <W x l 
RUN+ 82290 . 073 
BLOWING RATIO- .5 
MOMENTUM FLUX RATIO- .25 
VORTICI TY RANGES 
0 <-50 
I -50 - 30 
2 -3 0 10 
3 10 70 
4 70 !50 
5 150 2 50 
6 250 3 7 0 
7 370 510 
8 510 670 
9 >67 0 
















2 . 0~ ZI!ZZZZII!ZI!!I!I!J!I! 
ZI!Z!!I! Z Z !! !I!!I:I!!I! 
I I I I I · Z I 1: !' !. ! ! I! !. 1: ! I! 
VORT GEN + I AT z- -5.4 em 
VORT GEN ANGLE- 18 
PRO BE POSIT B x/d 45.8 
FREESTREAM VELOCITY(Ul- 10 
INJECTION VELOCITY (Ucl- 5 
m/ s 
m/s 






! ! ! ! Z I I I I Z ! 
!!!1!11:11!11! 
!ZI!I!Z!IIZI! 
• • • • • • • • • • • • 
• • • • • • • • • • • 
:((~: • • • • • • • • • • • • • • • • Z l fl I I • • • • • I I • Z II a II I • • • • I • • • ! I 8 8 I! • • • • • • • • 
I • !rl • • • • • • • • • 
!1,.[1!! • • • 
·rVrD· r 1 Cr--; 1 I! • I • • I (i\ I ! 
!I!!ZII! Ita!! II!. I Z I Z! 1111!!1:!. • • • • • • • I • • • 
I I • 
0.0 
I L _,__L_.__.___.__. 
- 14.0 -12.11! - 10 .0 - 8 .0 -6. 11l -4 . 0 - 2.11l 
Zeen- - 1.52 cm Ycen- 2.98cm 
Wx max -650. I 1 / s 
Cr- .1 1943 mA2/s (Wxth-111!0 l /s) 
Cr2- .12170 mA2/s <W x th-76 .03 1/s) 
Cr/(Ue*dl- 2. 5143 11! 
Cr2/(Uc*dl- 2.56203 
Z e m 
r11. 0 2.0 4.0 6.11l 8.11l 
Radt t ~m Mtn to Max 2nd Flow Velocity 
Zc ore- .76 em Ycore - .76 em 
2*( Zc ore+Yco re )/(2*dl- 1.6 0~ 
Radt t fm Wxmx to 260.11! 1/s (.40*Wxmx) 
Z2 core- . 77 em Y2c ore- .78 em 












'"1 (1) (t ~ 






























STREAHWISE VORTICI TY (Wx) 
RUN+ 8 1690.023 
BLOWING RATIO- .5 
HOHENTUH FLUX RATIO- .25 
VORT GEN + I AT z- 0 em 
VORT GEN ANGLE- 18 
PROBE POSIT B x / d 45 . 8 
FREES TREAH VELOCITYCUl - 10 m/ s 
INJECT I ON VELOCITY CUe ) - 5 m/ s 
1 2 . 0~ , . , I I , .~ ...-.-.~ ' '1 ' ' , ., ,., ., IT I 
VORT I CI TY RA NGES i 1 
0 (-50 ! ! !. J! !: ! I! 2 I! I! I I! I! I! I! !. I! I! I! I! 1! I! I! 1: I! I! I I! I l 
I - 50 - 30 2 - 30 10 I! I! I! I! I! I! I! I! I! I! I! I I !. I! 1 !. ! !. I! I! a !. I !. I! I I I! I! 
3 lfa 70 !I! II!I!I!I!I!! I! I!II!I:!JI!I!I:!I!I!I!II!III!I!! 
~ I ~~ ~ ~ ~ • •• •••••• • •••• ·l ........ I ••• I • 
6 2 5 " 3 7 eJ !. I! !: ! I! I! I I! 1! ! I I! I I! I!  I !: I ! 1!: • I • ! I! I I I I 
~ ~;~ ~ ~~ . . . . . . . . . . . . . . . . ............ . 
9 > 6 7 0 1!1!1!1!1! 1! !.1!!!1!1!!1!1!1 11!!!.11!11:1!111!1!1! 
I! I! I! Z I! I! I I! I I! I! Z I! I! I I! I! I! I! ! ! I! I I! ! I! I! I 
J! I I! I! I! I I! I! I! I! I! I! I! I! 1 _ I I! ! I I I I I! I! I I I I! I 
10 . 0 
8 .0 
I! I! I! I! r tlll l! lll. t t z 1: e r I! r rrrrlaataartartataa 
... 
6.0 
I I! 1!: I! 1: I t I f !. I I! a_)_ I! I! I! I! ! 1: I t I! ! I I I. I 
I! I I! I! I I! I I I! I! I! I! J I I! I! I! f I! I I! I! I! I! I! I! I 
! 2 ·1· a t Z I! I! I! ! I! 1: I 1: I I! I! 
1!1! I 11.1111 1 111:111:1 
1!1 I ll l! l l lltl!ll!ll! 
4.0 
1! a I I! I! I! I! 1: I! I I! I! I! I! I! I 
1!1 1!11!11!1! II! 
I! I. I! 1: t I! I! I I! I I! 2 .0 
1:1! :t • J 1! 1! !1!111 
1 1! 1 1 11'1111:11:1!1!1!11!11!1! 1! 11:1! 1! I!I:IIZZIZIIIIII J 
L.._.L-.-1 - L _j___.__j__, _ . L...._l_,_ l__._ j__._j_,__j__._J_ _.__L-L.._i_._..L.........J_._j .~----'-~-'.-J'-' 0.0 
- 14 . 0 -12.0 - 1~.0 -B.~ -6.~ -4 .~ -2 .~ 0. 0 2 .0 4 . ~ 6 . ~ e . l1l 
Zc e n- - 4 . 06 
Wx ma x - 69 3 .0 
c, - . 13321 
c,2- . 14014 
em Yc en- 2. 48 em 
l / s 
m~2 /s (Wxt h-100 l / s) 
m~2/ s CWx th-76.~3 l / s) 
Cr /(Uc*d )- 2.804 3 7 
Cr2 / (Uc*d l - 2.95 ~24 
-, em L-
Radi i fm Hin to Ma x 2 nd F l o w Vel oc ity 
Zcor e - . 7 6 e m Ye o, ., - 1 .02 em 
2*( Zco,e+Yco re ) / ( 2*d) - 1 . 87 2 
Rad l f m Wx mx t o 27 7.2 l / s C. 40*Wx mx) 
Z2core - . 80 em Y2 co,e- . 78 e m 








:::1 tv qq 
<C/) 
0 q 











































lll . lll 
L 
I 
STREAMWISE VORTICITY (W x ) 
RUN+ !11690.11l95 
VORT GEN + I AT z-
VORT GEN ANGLE- 18 
PROBE POSIT !I x / d 
1.!1 em 
<1~.8 
BLOWING RATIO- .5 
MOMENTUM FLUX RATIO- .25 
FREES TREAM VELOCITYCUJ- 10 m/ a 
INJECTION VELOCITY CUel- 5 m/ s 
~· I I I I I I I r----.---y-o-,--r.,-. - r - ·- · - 1- ., I I I I ....- ~ - -, ,-,. , I I I ' I 
VORTICI TY RANGES -t 
0 <-50 z: 1! 1 !: 2 2 !: 2 2 2 I I !: l ! i I. f I r 2 I 2 I! I I ! I! f !: 
I - Sill -30 -2 -30 10 !: ! 2 ! ! I I I! I! 2 Z f. I! I I I !: I I I I! I I I I! I 1: t I 
3 10 70 2 I I I 2 !: I! t Z I t I 2 I I I I I 1: I I I! I I I. Z I I I 
~ I~~ ~~~ 0 r I 2 I 2 0 I I l l l I l l -- I l I I l l I l I • l I l I 
f5 250 3 7 " ! I I 2 Z: !: I! !: 1! Z: 1: I I Z I ~ I I! I 2 .! .! I! I 2 I ! l ! I 
~ ~;~ ~~~ I l I I I l r l l • 2 l 0 l . - ~ 2 0 l l I 2 l l I l I r ! l 
9 )f5 7 12J t ! I I I 1! 1: t I I I t f I! Z:t I t I Z: I Z 1: Z I I if: I 2 !: 
tl!lfi:!:II:IZIIII.I! IIIIIZ:IIIZZIII 
! ! !: I I I I I I I I I I I I I I I I I I I I I I I I I I 
a I I I I I I Z !: I !: Z Z I I ! 2 t I I! I I l I I I t I Z: I ! I I 2 I !: I Z Z 
I 1: I I I I I Z I I I I I l • • I I I I I 2 I • 
• I I I I Z I I I I I I l! I I I 1:1:11!112111 










l. :::::::~~:::::~·· .. Jt~IIIZ:.JIZ:IlltZ:••• I I I I Z: I I I I I I t I J !:III!J:IJJIIl.~l! I I I I Jl Jl Jl I ar:: alI I I I a a a I I I I I I I I 2 I I I I I I I I 
I I 1: I I I Z I 
2 I I I I I I 1: 
I z z 
. .. . 
I I I 
l I I 
l I I 
! I t 
• • • 
I I 
ill: ~ I I I Z I I I I 
t I I I 1 -~-- L.... I I I I 1 .... ~ _l __ .__j_......._j~~1 I I I I I I L.....-L..... 1-..J._L L_.L -L 
- 14.0 - 12 . 0 - llll . lll - 8. 0 - 6.0 - <1 . 0 - 2 . 11l 0.0 2.0 4.0 &.Ill B.i'l 
Zcen- -2.5<1 
Wxmax-660. 2 
Cr- .129<1 7 
Cr2- • 1411l8 I 
em Yeen- 2.48 em 
l / a 
mA2 / a (Wxt h -100 1/ sl 
mA2 / a <Wxth - 76 . 11l3 l / sl 
Cr / (Ue*dl- 2 . 72559 
Cr2 / (Ue*dl- 2.964 3 9 
z em 
Radt t fm Mtn to Max 2nd F l ow Velcett y 
Zcore- .76 em Ycore- 1.02 em 
2*( Zeore +Yeore ) / (2*dl- 1 . 872 
Rad t t fm Wxmx to 26<1. I I / s (. <llll*Wxmx ) 
Z2core- .!12 em Y2core- .79 em 












































STREAHWISE VO RTICIT Y CWx) 
RUN* 81690. 17 
BLOW I NG R~T IO- .5 
HOHENTUH FLUX RAT I O- .25 
VORT GEN + I AT z- 3.6 c~ 
VO RT GEN ANGLE - IB 
PROBE POSIT B x / d <4 5 .8 
FREESTREAH VELOCI TYC Ul - 10 M/ c 
I NJECTI ON VELOC IT Y CUe ) - 5 m/ a 
~-,- __,--.y..-.--r--r--,- I o I I o I o I o i 
VORT I CITY RA NGES -r l 
0 (-50 I I I I I I I I I 2 1: ! ! ! !i I 1: I ! I ! I R I! I I I I 1: 
I - 50 - 30 - ] 2 - Je 10 •••••••••rrreee rrr.earrar r rrrr 
] 1~ 70 llllllllll!! ! !!l!ttl!!l!l:l!!!!!t 
y ' • ~ 
~ I ~g ~§~ • • • • • • • • I I ! ! ! ! !1! I ! ! • • I • ! ! I I ! • ' 
6 Z5 0 3 7 " I I I I I I 2 I I I! I! I' I! I! 2 I! I I I I ! I! I! !: I! 1: ! I! I! l ~ ~ ~~ ~~~ ••• I • I • • I ! ! ! I ! ! I I ! ! ! ! ! ! ! ! I ! ! ! 
s >6 7 0 111111111:11!!11!: 1 !111!111!1!11:1:! 
llllllllllli.l!ll 1!111!1!!:1!1!1!1!1!1: 
11111111111!!!1!1:~1!11!11!1111:111:11 
I I I I I I I! I I I I I I I I I I I Z I! 2 I! ! I !-t I ! I I I I I 1! 1: I I l I Z 
c 
m 
4 . 0 
2. 11! 
1111 1 11111111111111111121: !1 1!1!.111.!1!:11!11 
I I I I I I I I I I I I I I I I I I I I 1: 1!~3-~ 1: I! I I I .!. I ! I! ! I! Z I! I! 1! 1 
I • • • • • I • I I I I I • • 
I I I I I I I I I I I I I 1: 
• • ! 1: I! I I! I I! I ~ 
I 2 ! I! I I! I I j 
~ ' 1 1 I I 1 1! I I I 1)1 :1 I ~~ I ,Jf J I I ~ 1 7 1 I I a I t Z ! I I I I I i···············l!J···· ·u , !!:1!1: l"'ij1111JIJIIIIIIIIIJI11 fil.._ . <45 7 J 11!1!!11: I~ I I I I Jl Jl I I a I ll I J I ~;a-; Z !. .. -4 :4 Jf I ! I 1: f • 1 • • \. 1 • •~(• • 1 • • • ~(II) • .l Lm _ 1 • • • • • • • • • • • l 
0.0 
- 14. 0 
I I I I I I I I I Z I a I Jl Jl a I I a Jl I Z Z !: ~~I I I Z I! t I 2 1!: Z 1! 2 I I j 
- L A ....L .____l__, _ ,_..._,__,_,~ _ _t , _L__._j __ ~ - L L _ I _,___l_, _j __ .._ L ....__J___.__ _ L _.L-1._ ..__J__,__[_ _,___L_,__.l_._ 
- 12.0 - 10 .0 - 8 .0 - 6 .0 - 4 . 0 - 2.111 
e m 
0.11! 2 . 0 4.0 6 . 0 8 . 0 
Zce n- - I . BZ 
Wx .,ax -6 4 3. B 
Cr- . 129 29 
Cr 2- .1 432 9 
c~ Yc en - 2 . 48 c., 
l / s 
.,A2 / s ( Wx th-! 00 1/ s ) 
., A2 / s <W x th-7 6.11!3 1 / s ) 
Cr / (Uc*d) - 2. 72 182 
Cr2 /( Uc*dl- 3 . 0166 6 
Redt I fm Htn to Hax 2nd Flo~ Velocit y 
Zcore- . 7 b e m Ycore- 1.0Z c~ 
2 * ( Zc o r s+Yc cre J / ( 2*d ) - I . B7 Z 
Radtt fm Wx .,x to 257 . 5 l / a < . <40*WxM x ) 
Z2cc r e- .B 3 em Y2 c c re- . 7 9 eM 






-· \0 ::s ~(JQ 
<(/.) 
0 q 
'"1 (1) (Dp:l 
>< 3 ~ 
































VORT GEN + I AT z- 5.-4 o m 
STREAHWISE VORTICITY 0-lx) VORT GEN ANGLE- 16 
RUN+ 81790.01212 PROBE POSIT B x / d - 45.8 
BLOWING RATIO- .5 FREESTREAH VELOCITYCUl-
1121 m/ c 
MOMENTUM FLUX RATIO- . 25 INJECTION VELOCITY CUe)- 5 m/ s 
....-,- .-,-.,......--r-r---r-r--rl • 1 • 1 • 1 1 ' I ·~~ r-r-r~ 
VORTICITY RANGES ' ~ 
0 <-50 1! 1: ! I I I! I 1! I I! I I r. I 1!: ll P! I! I I 1! !: I 1! f: I 1! I! 1! ...f 
I -50 - 3121 · 2 - 30 10 I 1: 1: I I 1! 1: I! I I I 1! I! I I I I! I 1! I 1. I! I 1! 1! I 1! 1! 1! 
3 10 7e I I I I! I I I! I! I! 1! I I I I It I 1: I I I! I' 1! 1! 1! I! I 1! I! I 
~ I§~ ~§~ I I ! I ! ! I I I I I I ! ! I I 2 2 I I ! ! ! I I ! ! I 2 
6 250 3 7 0 ! I I I ! I I ! I ! I ! I ! I 1 I I 2 ! I I I I ! I 2 ! I I 
~ §;~ ~jg ! I ! I I ! I 2 I I I ! ! ! ! -~ I 2 2 ! ! 2 ! ! 2 2 I 2 ! I 
9 > 670 I I I a 1! 1! I 1! I I I I I I l!ll !: I I! 1: I I. I I! 1! 1! 1! 1! I 
1! I 1! I I 1! I I! 1! 1! I I! I I I I 1! 1! I 1! 1! I I 1! I I! 1: 1! I! 
I I I I a I I I I Z I! I I 1! I 1! I 1: I I I I t I 1! I 1! 1! I 
I I I I 1! 1! I I 1! I I I I I I I! 1! I 1! 1! I I I I 1! I I I I I I 1! I I I I I 1! I 
I I I t I I 1! I I I I I I I I I I I I I I 
I I I I I a I I I 1! I I 1! I I I 1! 1! I I! I 
1! I I I 1! 1! I 1! I I I 1! 1: I I I I I I 
I I! I a I 1! I I I I I I I I I I I I I 
1! I I! 1! 1! 1! I I I I! I I I I I I 1! 1! 
Ill! 1:111!{1]1111 11 181 I I! I I I I. z) o I I Z at. 
·1~ ~ ~ I ~ • ~ ~r~ , w ~ • 
~·~·~·, ~r,···~~ 
• • • 
., . ...,... . 
11!111!11 
I 1: 1! I 1: 
I 2 2 
! I 1! 1! 
• • • 
1! I I I! I 
I 1! I 1! 
! I I l I 
• I 
I I I! 1! I 1! I I I I I t 
'- --L..- L~ 
a I 2 • 2 a a I a 2 I I ~ I I I I 2 2 ~ 2 I J I I 
L-L I ' I .___~..._._.~.J._.__j__.__l _,__L' -~1._, _J__,__j -~ L _ _j 0.0 
- 14.0 - 12 . 0 - 10.0 -8.0 -6.0 - 4. 0 -2.0 0.0 2.0 
4.0 6.0 8.0 
Zoen- I. 02 
Wxmax-703. 7 
Cr- .1 2990 
Cr2- .1 4882 
em Yean- 2 . 48 em 
l / c 
mA2 /a CWxth~l00 l / c) 
mA2 / c CWxt h-76.03 l / s) 
Cr/CUc*dl- 2.73469 
Cr2 /( Ue *dl- 3 . 13300 
z em 
Radl I fm Min to Hax 2nd Flow Velocity 
Zcore- 476 em Yco re- 476 em 
2*( Ze ore+Yc ore ) / (2*dl- 1.604 
Ra dl I fm Wx mx to 281.5 l / s ( . 40*Wx mxl 
Z2 eore- .80 em Y2oo re- .7 9 em 















~ 3 ~ 
r' -· avo (1) 
< g 
...... 






















12 . 0 
10 . 0 
8 . 0 




STREAHWISE VORT I CITY (Wx l 
RUN + 823 9 0 . 15 
VORT GEN + I AT z- 0 em 
VORT GE N ANGLE- 18 
BLO WI NG RATI O- . 5 
MOMENTUM FLUX RATIO- . 25 
PRO BE POS I T B x / d - 45. 8 
F REESTREAM VELOCI TY(U l - 10 m/ s 
I NJECT I ON VELOCI TY (Uel - 5 m/ s 
r __,.,.., -.---, 
~ VO RT I CI TY RANGES 
.----,---.---' ' 1 l 
0 < -5~ • • •••• I! I! !: I! • • • • • I - 50 - 30 
2 - 30 10 
3 10 70 
4 7 0 150 
5 150 2 5 0 
6 25 0 3 7 0 
7 370 51 0 
8 5 10 670 
9 >6 7 0 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • t e 2 e r I! t r t 
I! I! I! 1: • • • • I! I! I I! 
I! I! I! I! I. I! I I! I! I I I 
I ! • • • • • • I! ! I! I! 
• • ! I! I! I I! I I! • • • 
• • • • • ! I I • • I I I! I! I! 
I! I! I! !. I! I! I! I! I! I! I I I I I! 
1!1!1! 1 1!: 1! 1! 1! 1!11!1!11 
ll!l!l!l!lll:l!l! l! l l ll:lll!l!ll!l!!l 
!1!!11!11!11!1!11!11!1!1 1 1! !:1! 1!1!2!1.1! 
1!1!1!!.1:1!1!11!1!1!1!1:1!111!1!1!11!1!1!11! 
I! I! I! I! I! I I! I! I I! I! I! I! I! 1: I! I! I! I! I! I! I! I! I! 
1111!1!1111:11 1 11111!1!111.1!11: 
11!1!11!!11:11!1:1!1!11 1!1! 111!11111: 
1:1:1!1!11!1!1!1!1!111!1!11! 1! !1!!1!1!11 
rartltll!ltl:ll! 1: t r r I! 1:2 I! I! 2 1: I! 
I! I I! I 1!~ 1: I I! I I! I! I! ! I! ! Z I! I! I! I! I! I! I! 
I! I! I I! I ~ I! I I! I I! I! I! I! 
• • • I I! I! I! I! • • 
1:1!1!:1! 1!11! 1 
I I I I I !. • • • • 
• • I I I • • • • • 
• • • I • • • • • • • 
• • • • • I • • I • 
• I • I I I I • • • 
• • • • • • 
• I • 
• • I 
I ~ I · t/ ~ ~ l r: r;-~ I! 1: 2 I I I I 1: ! I! 1: 1: I I I 
I I I I 1! I I I! I I I I I I I I I I! I I! I I! I I I t I I! I I I I I I I! I! I! I I 1 ..__...__,__...____,___.___.___._l-.J..___J_-1-L-'--L-.&--~1 1 I I I I I I . I I I I I ~ 
- 14 . 0 - 12 . 0 - 10 . 0 - 8 .0 - 6.0 - 4.121 -2 .0 
e m 
0. 111 2.0 4. 0 6. 0 8 . 111 
Zc en- 2 .54em Ycen- 3.~ 9c m 
W x max-~9 3 . 6 l / c 
Cr- .08 99 1 mA2 / s CWx th-100 1/ s) 
Cr 2 - .121943 7 mA2/c (W xt h-76 . 03 1/ s ) 
Cr / (Uc*d l - 1 . 8 929 1 
Cr 2/ ( Ue*d l - 1 . 9868 1 
z 
Rad l I f m Hl n to Hax 2n d F l ow Vel ocity 
Zc ore- . 76 em Yc o r e- . 7 6 e m 
2 * ( Zc ore +Ycore ) / ( 2*dl - I . 60~ 
Radl I fm Wx mx to 197.5 l / s (.~0*Wxmx l 
Z2 co re- . 7 7 em Y2 core- .79 e m 














































1121 . 121 
8.121 




STREAHWISE VOR T ICITY (W x ) 
RUN + 8 239121.12173 
BLOWING RATIO- .5 
HOHENTUH FLUX RATIO- . 25 
VORT GEN + 1 AT z- - 1.8 em 
VORT GEN ANGLE- 18 
PROBE POSIT B x/d 45.8 
FREESTREAH VELOCITY<Ul - 10 m/~ 
INJECT ION VELOCI TY (Uc)- 5 m/ c 
·~~~~~-~~~.-~~~~~-.~~~~~~,-~~~.-~ 
VORT ICI TY RANGES 
Ql <-50 
1 - 50 - 30 
2 - 30 10 
3 1121 7 0 
4 70 150 
t I' !: I! ! t I I I! I I I I f' !11: 1!: 2 ! 1! f! ! I! ! I !: I! I ! 
!Z!!f!!.I:!I!Z!!! !11!!1!:!!!!:11!11 
!Z!I!!Z!Z!!!II!!Z !!Z!!IZJ!!ZI:!I! 
! ! 1! ! ! I ! I! ! I I! I !. I l!t I 1: !. ! !: I ! !. ! ! I I Z ! 
5 !50 250 
6 250 3 7 0 ll!!!.!l!!!!!t:!!! llll!!l!!:llfl!!ll 
7 3 7 0 510 
8 510 6 7 0 
!II!:Z!I!!tl!!'l!l!!fl! l!.l!!f!l!l!!!ll!l 
9 ) 6 7 0 !!l!l!!f!!!!t!7Pr IIZIII!!II!!I!I! 
I! I I!!ZI!!f!ZI 
11!:11!11!1!11!1!1!1 
J!llti!!!I!IIIZ!II fl 





1111.!!! !I I!! II! Z I! !Z !I! IZ! I! 
!11!1!!!.1:!!!1! 
! I I. I! I ! r;-;1 I ! ! 1: I 1!: 
!1:2!1!!11 
!!!Z2!!Z 
I I I ! I 
lf!I!!!:ZI!!.I! 
• • 
! 1! ! !. ! I! 
f ! ! !. I 
I (Si\ I ali" 3 (z ! It~ Z I ! 
I I I 1. t: !: I. I ! I I Z ! ! !: Z I I ! Z I I! I I. I ~ I I I I 2 I I. I I ! I I ~ I 1· 
.___._.J__,__L_,_~_.-'-'-.L.-"--'- _,._.J__,__L_~ I I I I I I 1 I 1 ' I • I I I I I I I I I I I -
6.0 8.121 




QI.QI 2 . 0 4 .0 
Zcen- 1.52 c m Ycen- 3.49cm 
Wx ma x -507.5 1/s 
Cr- .08 156 mA2 / s (Wxt h-1 00 1/ sl 
Cr2 - . 0 9841 mA2 / s <W x th-7 6 .03 l / s ) 
Cr /( Uc *dl- 1. 7170121 
Cr2/(Uc•d>- 2.07171 
Radt t fm Htn to Hax 2nd Flo~ Vel oc ity 
Zcore- .76 e m Yco re- 1.1212 e m 
2W( Zco re+ Yco re ) / ( 2Wdl- 1 . 8 72 
Radt 1 fm Wxmx to 203 .0 1/ s (.4QiwWx mx ) 
Z2oore- . 78 em Y2c ore- .83 em 















































VORT GEN + I AT z- - 3 . 6 em 
VORT GEN ANGLE- 18 STREAM~I SE VORTI CI TY (~xl 
RUN+ 82290.2355 PROBE POSIT B x / d 45.8 
BLO~I NG RA T IO- .5 
MOMENTUM FLUX RATIO- .25 
FREESTREAM VELOC I TY( Ul- 10 





I -50 -30 
2 - 30 10 
3 10 70 
4 70 !5 0 
5 150 2 5 0 
6 250 3 7 0 
7 370 510 
8 510 6 70 
9 >6 70 
2 I !: I I I I I I I 
1! 11!!11!1! 1! 1 
II!!I!!!!!!I!I!!Z 
1!!!1!1! 2!11: 1 




! I ! I I 
I! I! I I! I! I! I! 
! I I! 1: ! I! I I! I 
II!IZIII! II!!I! IIP. Z II!I!I 
1111!111!1!!1!1!1!11!1111 
1!11!11!1 !1!! 1!1!1!1!1111!1! 
11!111111 111 111!11!111 
111!11111!1!1:1!11!111!11! 
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Figure 106. Streamwise Velocity Field, x/d=45.8 , 1 Row, Vortex R2 
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Figure 107. Total Pressure Field, x/d=45.8, 1 Row, Vortex R2 
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Figure 114. Secondary Flow Vectors, x/d=45.8, 1 Row, Vortex Ll 
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153 
10 
"' -m IS) Ul ..,. ('l CD 
(1) 
10 (1) N m N 






-N 10 ,,. ~ m 
10 IS) If') Cll ~ 
Ul N 
Ul (1) N II') (1) Ul 
lSI ~ ~ ..,. •r ..,. 
I 
"' E 









m ro w l!) Ol N (.D .p z ~ ..,. ~· tD 
0 a: ~ II! Ul (\J It') CD .p (1) N CD (') ~ 
* 
0... N ~ 
-
v v v 
(ot N 
z -Ill v tD ~· m 
::J u m ~ 
"· -~ (ot Ill 
-
It') a1 N 
c... N N 1\1 ~ 
~ 





N 1":1 ..,. 
+' Q. 
(W O) A 






































E L[ .L-.L.....>-.L...l-L-L....L--'--'__.___j 
1\J 
( W:J) A 
1\J cgl 








CD CD CD CD Ill Ill 
U') ..., ..., v ..., v 
..,. 
... 
I 1D PI .. en 1D ... 
l'o ... ... l'o ..,. ID 
'OI'o-IQCDN • 
' • • • • • Q) X l'o CD CD CD CD 
"' 
"" """' "" "" "" .. U') .. - ...... 
lSI 







N l'l-CD ID 
"' ... lSI "' ID C5l ..,. l'o 
ttl I • I <II 
W ,.. ID l'o l'o l'o 
t:l l'l z . ..., ..., ..., ..., 
a: ID 
a: 
.... Ill l'l ... Ill 
lSI "' ... lSI 
,.., PI ID C5l ... 
" . . . . 
' ID Ill l'o l'o s 
..., ,.. "" ,.. ,... 
X - - .. - • 
::l C5l ... N PI ..,. 







* +' 0... 
N 
(W:l) )... 
Figure 131. Total Pressure Field, x/d=45.8, 2 Rows, Vortex R2 
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Figure 138. Secondary Flow Vectors, x/d=45.8, 2 Rows, Vortex Ll 
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Figure 140. Total Pressure Field, x/d=45.8, 2 Rows, Vortex L1 
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Figure 141. Secondary Flow Vectors, x/d=45.8, 2 Rows, Vortex L2 
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Figure 142. Streamwise Velocity Field, x/d=45.8, 2 Rows, Vortex L2 
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Figure 143. Total Pressure Field, x/d=45.8, 2 Rows, Vortex L2 
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Figure 144. Secondary Flow Vectors, x/d=45.8, 2 Rows, Vortex L3 
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Figure 145. Streamwise Velocity Field, x/d=45 .8, 2 Rows, Vortex L3 
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Figure 165. Injectant Distribution, x/d=45.8, 1 Row, Vortex R2 
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Figure 174. Injectant Distribution, x/d=45.8, 2 Rows, Vortex R3 
200 
N N m' 
(W::J) A 

















t, I , I , I , I , I , I , I , I , I , I , ..,. 
-
N tD N es~' 
(W:l) A 
Figure 176. Injectant Distribution, x/d=45.8, 2 Rows, Vortex Ll 
202 
It I 
"· • N 
If) "" Ill 








l(l 1'1 l(l 
CSl v 
r 
v N v 1'1 
l(l v v l(l 
l(l r-. 10 
1'1 
- -
N N 1'1 
"' 
" 
;.. ;.. .... ;.. 
-.. .. .. .. 
- CSl 
m l(l (0 r-. CD Ol -
ISl 
ISl 




* In In -1- Ill r-. 
-
N 
z ., v 
... v 
-::J ~ v v 






N 1'1 ..,. 
N 
(W::l) A 











































· ~ 10 I') Ill 
..., . 
N v I'! 
Ill .... .... Ill 
In I'. 10 
I') 
. .. - N N C'J 
"' 
·' "' .,... ,.. "' -
Ill 
u Ill Ill -
'-' Jrl r-., _. N 
II • • 






r- •• - -
Figure 178. Injectan t Distribution, x/d=45 .8, 2 Rows, Vortex L3 
204 
Figure 179. Surface Flow Pattern s, x/d=45.8, 2 Rows, No Vortex 
Figure 180 . Surface Flow Patterns , x/d=45.8 , 2 Rows, Vortex RO 
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Figure 181 . Surface Flow Patterns, x/d=45.8, 2 Rows, Vortex R 1 
Figure 182. Surface F low Patterns, x/d=45 .8, 2 Rows, Vortex R2 
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I 




Figure t · J . Surface Flow Patterns, x/d=45 .8 , 2 Rows, Vortex R3 
Figure 184 . Surfa ce Flow Patterns, x/d=45.8, 2 Rows, Vortex R4 
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Figure 185. Surface Plow Patterns, x/d=45.8, 1 Row , Vort ex RO 
Figure 186. Surface Flow Patterns , x/d=45 .8, 1 Row , Vort ex R 1 
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Figure 187. Surface Flow Patterns, x/d=45 .8, 1 Row, Vortex R2 
Figure 188. Surface Flow Patterns, x/d=45.8, 1 Row , Vortex R3 
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F igure 189. Surface Flow Pa tterns, x/d =45 .8, 1 Row, Vortex R4 
Fi gure 190. Surface Flow Patterns, x/d=45.8, 1 Row, Vortex LO 
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Figure 191. Surface Flow Patterns, x/d=45.8, 1 Row, Vortex Ll 
Figure 192. Surface Flow Patterns, x/d==45.8, 1 Row, Vortex L2 
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Fi gure 193 . Surface F low Patterns, x/d=45 .8, 1 Row , Vortex L3 




An uncertainty analysis, by Schwartz [Ref. 20], was accomplished on the 
input parameters and variables used for this study. A 95% confidence interval 
was utilized . Table II contains a summary of the parameters and their 
uncertainties : 
TABLE II. EXPERIMENTAL UNCERTAINTIES FOR MEASURED 
QUANTITIES 
Typical Experimental 
Ouantit~ (units} Nominal Value Uncertaint;y 
T_ (°C) 18.0 0.13 
Tw (°C) 40.0 0.21 
Pambient (mm Hg) 760 0.7 1 
P- (kg/m3) 1.23 0.009 
u_ (m/s) 10.0 0.06 
Cp [J/(kg K)] 1006 1 
qwA (W) 270 10.5 
h [W/(m2 K)] 24.2 1.03 
St 0.00196 0.000086 
St/St0 1.05 0.058 
A (m2) 0.558 0.0065 
m 0.98 0.05 
x/d 54.6 0.36 
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APPENDIX C 
DATA ACQUISITION, PROCESSING AND PLOTTING PROGRAMS 
1. Mean Velocity Survey Software : 
ORIENT : This program calculates calibration coefficients for e1ch of the 
five pressure transducers associated with the five sensing ports of the five hole· 
pressure probe. ORIENT is also used to orient the five hole probe so that at a 0 
yaw angle the pressures from the right and left ports are equal. 
FIVEHOLE1 : This program acquires pressure data from each of the five 
transducers associated with the probe. The FIVEHOLEl program controls the 
MITAS motor controller which, in turn, controls the automatic travers [ng device 
on which the five hole probe is mounted. An 400 point pressure survey is 
conducted in the Y-Z plane normal to the freestream flow. Two data files, FIV 
and FIVP, are created. The FIV data file consists of mean velocity, center port 
pressure, average pressure of the four peripheral ports, and the yaw and pitch 
coefficients for each of the 400 locations sampled. The FIVP data file consists of 
the pressures P1 through P5 sensed by each of the five pressure probe sensing 
ports, the average pressure of the four peripheral ports and the mear, velocity, 
for each of the 400 survey locations. 
PADJUST : This program accesses the FIVP data file c::eated by 
FIVEHOLE1 and adjusts the pressures to account for spatial resolution 
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problems. Pressure correction is performed using a curve fit to move the 
measurement location to the center sensing port location. 
VELOCITY : This program accesses the data file created by P ADJUST and 
computes Ux, Uy and Uz velocity components. 
UX3 : This program accesses the data file created by VELOCITY and plots 
streamwise velocity (Ux) contours of the Y-Z plaJ?.e surveyed by the five hole 
pressure probe. 
PTOT3 : PTOT3 accesses the VELOCITY program data file and plots total 
pressure contours of the surveyed Y-Z plane. 
VECTOR2: This program accesses the VELOCITY program output and 
plots the secondary flow vectors in the surveyed Y-Z plane. 
VORCIRC : This program acquires the velocity component data file 
created by VELOCITY and plots streamwise vorticity contours of the surveyed 
Y -Z plane. Vortex parameters calculated by this program include: core center 
location, core radii, vorticity, vortex circulation, non-dimensional core rad ii and 
non-dimensional vortex circulation. 
2. Mean Temperature Survey Software : 
ROVER I This program acqmres flow temperature data from the 
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"roving" thermocouple mounted on the automatic traversing de,rice. The 
traversing device is controlled by the MITAS controller which is, in turn, 
controlled by this program. The output data file consists of differential 
temperatures (Trover- T_) for each of the 400 survey locations :m the Y-Z 
plane. 
PL TMP3 : This program uses the differential temperature data file created 
by ROVER and plots differential temperature contours of the surveyed Y -Z 
plane. 
3. Heat Transfer Measurement Software (No Film Cooling) : 
STANTON3 : This program acquires multiple channel thermocouple data 
for heat transfer measurements with no film cooling. It creates two 1)utput data 
files, TDATA and IDATA. The TDATA file consists of the 126 tes t plate 
thermocouple temperatures. The IDATA file records run number. test plate 
voltage and current, ambient pressure, pressure differential, ambient 
temperature, freestream velocity, air density and freestream temperature. 
STANTON4: STANTON4 accesses TDATA and IDATA files created by 
STANTON3 and calculates heat transfer coefficients and Stanton numbers for 
each of the 126 thermocouple locations . This program also calculates the 
average Reynolds number for each thermocouple row. ST ANTON4 creates 
three output files. These files are HDATA, SDATA, and STAY. The HDATA 
file consists of the local heat transfer coefficient, the Stanton number and the X 
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and Z coordinates for each of the 126 test plate thermocouples. The SDATA file 
contains only the Stanton number values calculated for each thermocouple 
location. STA V contains the X location and the average Reynolds and Stanton 
numbers for each of the six thermocouple rows. 
ST A VRA T : This program accesses the HDAT A files created by STANTON4 
and creates an output file which consists of Stanton number ratios and X,Z 
coordinates for each of the thermocouple locations. ST A VRA T is specifically 
designed to calculate St/Sto ratios for data collected when no film cooling is 
present. Sto values represent the baseline values, and St values are the Stanton 
numbers with embedded vortices and no film cooling. 
PLOTSTR : This program accesses the Stanton number ratio files created by 
STA VRA T and plots the span wise variations of St/Sto for all six thermocouple 
rows . 
4. Heat Transfer Measurement Software (with Film Cooling) : 
SETCOND : This program is used to set conditions for heat transfer data 
acquisition when film cooling is employed. SETCOND determines injection 
velocity, Reynolds number, blowing ratio (m) and non-dimensional temperature 
(8). It requires user input from the terminal of freestrearn conditions, rotameter 
percent flow and injection plenum differential pressure. 
STANFC1A This program is used when film cooling is employed to 
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acquire multiple channel thermocouple data for heat transfer meawrements. 
STANFC1A creates three data files : a temperature data file (T), a terminal input 
data file (I) and a film cooling data file (FC) .. The temperature data file consists 
of the 126 test plate thermocouple temperatures . The terminal input data file 
records the identical information contained in the IDATA file of ST ANTON3, as 
discussed earlier. The film cooling data file contains the injection rotometer 
percent flow and the injection plenum differential pressure. 
ST ANFC2A : This program accesses the temperature, terminal input and 
film cooling data files created by STANFCIA. The program calculat~s Stanton 
number values for the 126 thermocouple locations and creates a single output file 
(ST) containing these values. 
ST ANR 1 : This program reads three Stanton number data files and creates 
a single output file containing two Stanton number ratios for each of the 126 
thermocouple locations. The required input data files are : SDA T A fle created 
by STANTON4 containing baseline Stanton numbers for no film cooling and 
two ST data files created by STANFC2A containing Stanton numbers with film 
cooling. 
FLMEFF6 : This program processes Stanton number data and cal1;ulates the 
local and spanwise averaged film cooling effectiveness and iso-energe1ic Stanton 
number ratios. The program reads several files and creates two output files. 
The program reads the SDATA file created by STANTON4 which ccmtains the 
baseline Stanton numbers for no film cooling and up to six ST, TDATA and 
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• 
IDAT A files created by STANFC2A. One of the two output data files contains 
the local effectiveness and iso-energetic Stanton number ratios and the other 
output file contains the spanwise averaged effectiveness and iso-energetic 
Stanton number ratios. 
3DSTGETA : This program accesses the files created by FLMEFF6 and 
plots the spanwise variation of effectiveness in three-dimensional form. 
3DSTGSTIRS : This program accesses the files created by FLMEFF6 and 
plots the spanwise variation of the iso-energetic Stanton number ratio in three-
dimensional form . 
3DSTRST : This program accesses the Stanton number ratio file created by 
ST ANR 1 and plots the span wise variations of the Stanton number ratios in three-
dimensional form. 
3DSTRAH : This program, which is the three dimensional version of 
PLSTRVV3H, accesses the Stanton number ratio file created by STANRI. It 
then plots the spanwise variations of the St/Sto ratios and Stf/Sto ratios for all six 
thermoncouple rows. 
5. Combination Plots Software 
VECTCOMBO/TEMPCOMBO : VECTCOMBO and TEMPCOMBO are 
adapted versions of VECTOR and PLTMP, which plot the differential mean 
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temperatures superimposed on top of the secondary flow vectors. 




DATA FILE DIRECTORY 
1. Heat Transfer Data: 









temperature data file 
user terminal input data file 
heat transfer coefficient data fil e 
local Stanton number data fil e 
Data File Experimental Conditions 




TDATA40 no film cooling 
IDATA40 Vortex position RO 
HDATA40 
SDATA40 
TDATA43 no film cooling 
IDATA43 Vortex position LO 
HDATA43 
SDATA43 
B. STANFCIA I STANFC2A data files-- (film-cooling) 
Txx temperature data file 
Ixx user terminal input data file 
221 
FCxx film-cooling parameters data file 
STxx local Stanton number data file 
Data Run# Data File Experimental Conditions 
072090.0939 T1A 1 row m= 1.3 th~ta= 1.27 
IlA No vortex 
FC1A 
ST1A 
072090.1145 T3A 1 row m=1.3 th~ta=1.06 
13A No vortex 
FC3A 
ST3A 
072090.1655 T9A 1 row m=1.3 th~ta=0.57 
19A No vortex 
FC9A 
• ST9A 
072090.1900 T11A 1 row m=1.3 tt eta=O.lO 
IliA No vortex 
FC11A 
ST11A 
072890.1200 T1 1 row m=0.5 the ta =1.30 
I1 V mtex position RO 
FC1 
ST1 
072890.1220 T3 1 row m=0.5 the :a=1.33 
13 Vortex position R1 
FC3 
ST3 
072890. 1240 T5 1 row m=0.5 the :a=1.33 











1 row m=0.5 theta= 1.31 
Vortex position R3 
072890.1320 T9 1 row m=0.5 thE:ta=1.33 
19 Vortex position R4 
FC9 
ST9 
072890.1455 T39 1 row m=0.5 th~ta=1.28 
139 No vortex 
FC39 
ST39 
072890.1515 T19 1 row m=0.5 th ~ta=1.30 
119 Vortex position LO 
FC19 
ST19 
072890.1535 T21 1 row m=0.5 th~ta= 1.30 
121 Vortex position L1 
FC21 • 
ST21 
072890.1555 T23 1 row m=0.5 th , ~ta=1.31 
123 Vortex position L2 
FC23 
ST23 
072890.1 620 T25 1 row m=0.5 th ,~ta=1.29 
125 Vortex position L3 
FC25 
ST25 
072890.1640 T27 1 row m=0.5 theta=1.30 




080890.1320 T40 2 rows m=0.5 theta=l.35 
140 No vortex 
FC40 
ST40 
080890.1 700 T60 2 rows m=0.5 theta=l.37 
160 Vortex position LO 
FC60 
ST60 
080890.1720 T62 2 rows m=0.5 theta=l.38 
162 Vortex position Ll 
FC62 
ST62 
080890.1740 T64 2 rows m=0.5 theta=1.38 
164 Vortex position L2 
FC64 
ST64 
080890.1800 T66 2 rows m=0.5 theta=1.38 
166 Vortex position L3 
FC66 
ST66 
080890.1 820 T68 2 rows m=0.5 theta=1.38 
168 Vortex position L4 
FC68 
ST68 
080890.1322 T82 2 rows m=0.5 theta=1.31 




082990.1344 T85 2 rows m=0.5 theta=1.30 
185 Vortex position R 1 
FC85 
ST85 
082990.1402 T86 2 rows m=0.5 theta=1.32 
186 Vortex position R2 
FC86 
ST86 
082990.1422 T88 2 rows m=0.5 theta=1.30 
188 Vortex position R3 
FC88 
ST88 
082990.1444 T91 2 rows m=0.5 theta=1.30 





C. FILM EFFECTIVENESS DATA 








local effectiveness data file 





Experimental Condition s 
1 row m=1.3 
4 data sets 
D. STANTON NUMBER RATIO FILES 
Generating Program: STANRl 
STRxx ---- Film-coolig data file 























































Experimental Condition s 
1 row m=0.5 No vortex 
1 row m=0.5 No vortex 
1 row m=l.O No vortex 
1 row m=0.5 No vortex 
1 row m=0.5 RO 
1 row m=0.5 R 1 
1 row m=0.5 R2 
1 row m=0.5 R3 
1 row m=0.5 R4 
1 row m=0.5 No vortex 
1 row m=0.5 LO 
1 row m=0.5 Ll 
1 row m=0.5 L2 
1 row m=0.5 L3 
1 row m=0.5 L4 
2 rows m=0.5 No vtx 
2 rows m=0.5 LO 
2 rows m=0.5 Ll 
2 rows m=0.5 L2 
2 rows m=0.5 L3 
2 rows m=0.5 L4 
2 rows m=0.5 RO 
2 rows m=0.5 Rl 
2 rows m=0.5 R2 
2 rows m=0.5 R3 
2 rows m=0.5 R4 
E. MEAN VELOCITY DATA: 
Generating Experimental 
Data Run # Data File Program Conditions 
081090.1435 FIV01 FIVEHOLE1 Vortex position RO 
FIVP01 FIVEHOLE1 m=O, x/d = 10.2 
FIVOA PADJUST 
V1 VELOCITY 
081090.1100 FIV02 FIVEHOLE1 Vortex position R4 
FIVP02 FIVEHOLE1 m=O, x/d = 10.2 
FIVOB PADJUST 
V2 VELOCITY 
081190.0900 FIV03 FIVEHOLE1 Vortex position R8 
FIVP03 FIVEHOLE1 m=O, x/d = 10.2 
FIVOC PADJUST 
V3 VELOCITY 
081290.1745 FIV04 FIVEHOLE1 Vortex position LO 
FIVP04 FIVEHOLE1 m=O, x/d = 10.2 
FIVOD PADJUST 
V4 VELOCITY 
081390.0100 FIV05 FIVEHOLE1 Vortex position L4 
FIVP05 FIVEHOLE1 m=O, x/d = 10.2 
FIVOE PADJUST 
V5 VELOCITY 
081390.1110 FIV06 FIVEHOLE1 Vortex position L8 
FIVP06 FIVEHOLE1 m=O, x/d = 10.2 
FIVOF PADJUST 
V6 VELOCITY 
081690.0230 FIV07 FIVEHOLE1 Vortex position RO 
FIVP07 FIVEHOLEI x/d = 45.8 
FIVOG PADJUST m=0.5 , 2 rows 
V7 VELOCITY 
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081690.0950 FIV08 FIVEHOLE1 Vortex position R1 
FIVP08 FIVEHOLE1 x/d = 45.8 
FIVOH PADWST m=0.5, 2 r,)WS 
V8 VELOCITY 
081690.1700 FIV09 FIVEHOLE1 Vortex position R2 
FIVP09 FIVEHOLE1 x/d = 45.8 
FIVOI PADWST m=0.5 , 2 r1)WS 
V9 VELOCITY 
08 1790.0020 FIV10 FIVEHOLE1 Vortex position R3 
FIVP10 FIVEHOLE1 x/d=45.8 
FIVOJ PADWST m=0.5 , 2 rows 
V1 0 VELOCITY 
081990.1430 FIV12 FIVEHOLE1 Vortex position R3 
FIVP12 FIVEHOLE1 x/d=45.8 
FIVOK PADWST m=0.5, 1 r ow 
V12 VELOCITY 
081990.2000 FIV13 FIVEHOLE1 Vortex position R2 
FIVP13 FIVEHOLE 1 x/d=45.8 
FIVOL PADWST m=0.5, 1 rc w 
V13 VELOCITY 
082090.1000 FIV14 FIVEHOLE1 Vortex position R1 
FIVP14 FIVEHOLE1 x/d=45.8 
FIVOM PADJUST m=0.5, 1 row 
V14 VELOCITY 
082190.0100 FIV16 FIVEHOLE1 Vortex position LO 
FIVP16 FIVEHOLE1 x/d=45.8 
FIVON PADWST m=0.5, 1 r')W 
V16 VELOCITY 
082190.0800 FIV17 FIVEHOLE1 Vortex position L1 
FIVP17 FIVEHOLE1 x/d=45 .8 
FIVOO PADWST m=0.5, 1 r1)W 
V17 VELOCITY 
082190. 1900 FIV18 FIVEHOLE1 Vortex posi tion L2 
FIVP18 FIVEHOLE1 x/d=45.8 
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FIVOP PADJUST m=0.5, 1 row 
V18 VELOCITY 
082290.0730 FIV19 FIVEHOLE1 Vortex position L3 
FIVP19 FIVEHOLE1 x/d=45.8 
FIVOQ PADJUST m=0.5 , 1 row 
• V19 VELOCITY 
082290.1600 FIV20 FIVEHOLEl Vortex position L3 
FIVP20 FIVEHOLEl x/d=45.8 
FIVOR PADJUST m=0.5, 2 rows 
V20 VELOCITY 
082290.2355 FIV21 FIVEHOLE1 Vortex position L2 
FIVP21 FIVEHOLEl x/d=45.8 
FIVOS PADJUST m=0.5, 2 rows 
V21 VELOCITY 
082390.0730 FIV22 FIVEHOLE l Vortex position L1 
FIVP22 FIVEHOLEl x/d=45.8 
FIVOT PADJUST m=0.5 , 2 rows 
V22 VELOCITY 
082390.1500 FIV23 FIVEHOLE1 Vortex position LO 
FIVP23 FIVEHOLE1 x/d=45.8 
FIVOU PADJUST m=0.5, 2 rows 
V23 VELOCITY 
082890.1921 FIV24 FIVEHOLE I Vortex position RO 
FIVP24 FIVEHOLE I x/d=45.8 
FIVOV PADJUST m=0.5, 1 row 
F. Mean Temperature Survey Data : 
Generating Program : ROVER 1 
Data Run# Data File Experimental Conditions 
082490.0200 TEMO 2 rows m=0.5 x/d=45.8 
231 
Vortex position :LO 
082490.0500 TEM1 2 rows m=0.5 x/d=45 .8 
Vortex position L1 
082490.0900 TEM2 2 rows m=0.5 x/d=45 .8 
Vortex position L2 • 
082490.1230 TEM3 2 rows m=0.5 x/d=45.8 
Vortex position L3 
082490. 1630 TEM4 1 row m=0.5 x/d=45.8 
Vortex position L3 
082490.2000 TEM5 1 row m=0.5 x/d=45.8 
Vortex position L2 
082490.2345 TEM6 1 row m=0.5 x/d=45.8 
Vortex position L1 
082590.1400 TEM7 1 row m=0.5 K/d=45.8 
Vortex position LO 
082590.1820 TEM8 1 row m=0.5 K/d=45.8 
Vortex position RO 
082590.2355 TEM9 1 row m=0.5 K/d=45 .8 
Vortex position R1 
082690.1020 TEM10 1 row m=0.5 :c/d=45.8 
Vortex position R2 
082690.1426 TEM1 1 1 row m=0.5 :c/d=45.8 
Vortex position R3 
082690.2022 TEM12 2 rows m=0.5 x/d=45.8 
Vortex position R2 
082790.0730 TEM13 2 rows m=0.5 x/d=45.8 
Vortex position R3 
082790.1315 TEM14 2 rows m=0.5 x/d=45.8 




2 rows m=0.5 x/d=45.8 
Vortex position RO 
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